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ABSTRACT
The AM2X2 (A = alkaline, alkaline earth or rare earth element M = transition metals,
and X = pnictogen), 122 type ternary compounds acquire overwhelming attention due to
their richness of the correlations and competition between the lattice, electronic, and mag-
netic degrees of freedom. Properly controlling those correlations can lead to a variety of novel
ground states including different crystallographic structures, magnetically ordered states, or
high-temperature superconductors. This thesis summarizes experimental work using high
pressure and element substitution as tuning parameters in the study of selected 122 systems
to understand their diverse structural and magnetic properties and interplay between the
magnetism and electronic properties. This thesis contains 8 Chapters and Chapter 1, and
Chapter 2 present a general overview and introduction. The theoretical and experimental
background are discussed in Chapter 3.
Chapters 4 and 5 are devoted to explaining the studies which are performed on SrCo2As2,
the first compound discussed in this thesis. The collapsed tetragonal phase is induced with
a modest applied pressure at low temperatures. This tetragonal to collapsed tetragonal
structural transition is found to be temperature independent as it shows a steep structural
transition phase line. The collapsed tetragonal phase may favor the occurrence of magnetism
in Co based 122 compounds as observed in CaCo1.86As2. And SrCo2As2 compound already
shows a magnetic instability as it displays stripe-type spin fluctuations below T < 5 K.
Therefore, it encouraged searching for magnetism in the collapsed phase of SrCo2As2. The
detailed investigation studies and results on this issue will be addressed in Chapter 5 in this
thesis.
xiv
Substitution of various atoms in all three sites are possible for 122 compounds, hence the
system can be modified in numerous ways. The CaCo1.86As2 and the derived compounds
by Fe substitution are the second system discussed in this thesis work. As discussed in
Chapter 6, a smooth crossover from collapsed tetragonal phase of CaCo1.86As2 to tetragonal
phase of CaFe2As2 is observed with Fe substitution in CaCo1.86As2. The suppression of low
temperature A-type magnetic ordered phase is observed with Fe substitution and no new
magnetic phase appeared with the suppression of A-type AFM ordering. Both the magnetic
moment and the transition temperature are decreased monotonically. The results suggest
that hole doping on CaCo1.86As2 show a less dramatic effect on the magnetism. The Chapter
7 summarize the results and discuss future work. Finally, Chapter 8 present a brief summary
of some other projects that I collaborated, apart from the projects which I have discussed
in this thesis.
1CHAPTER 1. OVERVIEW
The body-centered tetragonal ThCr2Si2 type crystal structure family is one of the most
heavily studied crystal structure types in the condensed matter field. The AM2X2 ternary
compounds (A = alkaline, alkaline earth or rare earth element M = transition metals, and
X = pnictogen) acquire overwhelming attention due to their richness of the correlations
and competition between the lattice, electronic, and magnetic degrees of freedom. Properly
controlling those correlations can lead to a variety of novel ground states including different
crystallographic structures, magnetically ordered states, or high-temperature superconduc-
tors. Substitution of various atoms in all three sites are possible for 122 compounds, hence
the system can be modified in numerous ways. Due to the ability to synthesize good quality
single crystals, it supports in investigating these compounds by changing different thermody-
namic parameters, such as temperature, pressure etc. Any system modification may result in
changes of the chemical bonds’ strength and interactions. Thus, the changes in the valence
states may occur. These rearrangements are associated with the exotic chemical, electronic,
and magnetic characteristics in these compounds. However, it is required to have a com-
plete understanding about the interplay between different ground states in order to tune a
system in a desirable way. And it has been identified as the grand challenge in the scientific
community so far.
AFe2As2 (A = Ca, Sr, Ba), the parent compounds of the iron arsenide superconductors
are one of the heavily studied 122 systems. These paramagnetic, body-centered tetragonal
AFe2As2 compounds experience coupled structural and magnetic phase transitions upon
cooling. They display an orthorhombic lattice structure and stripe-type antiferromagnetic
(AFM) ordering at low temperatures [1, 2, 3]. It has been observed that the lattice, electronic
2and magnetic structures are subject to modifications by electron and hole doping or chemical
substitution. When Fe is substituted by other transition metals, such as Co, Ni, Rh, and
Pd [4, 5, 6, 1, 7], the structural and magnetic phase transitions are suppressed at high enough
levels of doping. Further suppression of the structural and magnetic transitions by chemical
doping leads to superconductivity. It implies the presence of the close correlation in between
the lattice, magnetism, and superconductivity in these systems, as superconductivity is
observed in close proximity to the suppression of structural and magnetic phase transitions.
The Fe based 122 compounds drew the attention due to this close proximity of antifer-
romagnetic order and high-temperature superconductivity. However, the importance of ex-
panding exploration on 122 compounds with other transition metals is well identified recently,
after finding interesting novel phenomena. BaCr2As2 is an itinerant metal but BaMn2As2 is
a semiconductor; both compounds show high AFM transition temperatures, T N [8, 9] with
G-type (checkerboard) magnetic ordering. BaCu2As2 reveals metallic diamagnetism [1]. But,
SrMn2As2 and CaMn2As2 are AFM insulators with AFM transition temperatures, T N, of
120 K and 62 K [10]. The ordered Mn moments are found to be aligned in the ab plane.
Moreover, SrNi2As2 and BaNi2As2 compounds show superconductivity with superconducting
temperatures, T c < 1 K [11, 12].
On the other hand, CaCo1.86As2, the Co based compound, reveals a different magnetic
ordering state, which is known as A-type AFM ordering [13, 14] at low temperature. Here,
the moments are parallel to the c axis in the ab plane and anti-parallel across the planes.
The CaCo1.86As2 crystallizes in the collapsed tetragonal (cT) phase with reduced c lattice
parameter and c/a lattice parameters ratio. This is due to the strong interlayer As-As bond
formation [13, 14, 15]. The recent inelastic neutron studies reveal that there is a maximum
magnetic frustration which arise from nearest and next-nearest neighbor magnetic ion inter-
actions in CaCo1.86As2 [16]. So that stripe-type and FM ground states compete. In contrast
to CaCo1.86As2, metallic SrCo2As2 and BaCo2As2 do not associate with any structural, su-
3perconducting or long-range magnetic ordering transitions at low temperature, but rather
display an enhanced magnetic susceptibility [15, 17]. Both the SrCo2As2 and BaCo2As2 com-
pounds are in the uncollapsed-tetragonal (ucT) structure. Surprisingly, SrCo2As2 exhibit
stripe-type AFM spin correlations at the same stripe wave vector, τ st = (
1
2
1
2
1) r.l.u. [18] as
seen in superconducting iron arsenides.
The evolution of A-type antiferromagnetically ordered CaCo1.86As2 with dominating
strong ferromagnetic (FM) correlations to paramagnetic (PM) SrCo2As2 with strong AFM
correlations, reveal additional interesting physics. The Ca1−xSrxCo2−yAs2, possesses A-type
AFM phase for x ≤ 0.2 with moments parallel to the c axis and for x ∼ 0.40 and 0.45 with
moments parallel to the ab plane [19, 20]. For compositions x ≥ 0.52, a PM behavior is ob-
served [19, 20]. The Sr substitution for Ca is an iso-electronic substitution. But steric effects
occur, which result in smooth increase in the c lattice parameter with Sr composition, x, as
Sr ion is larger than the Ca ion. Therefore a transition from collapsed-tetragonal structure of
CaCo1.86As2 to uncollapsed-tetragonal structure of SrCo2As2 has been observed [20]. Inter-
estingly, this structural transition is clearly associated with the magnetic transition, where
there is no magnetically ordered state in the uncollapsed-tetragonal state [19, 20]. This ob-
servation suggests that the steric effects which are occurred due to the Sr doping, make a
dramatic impact and lead to suppression of the A-type magnetic order. In similar manner
it has been identified that the collapsed to uncollapsed-tetragonal structural transition of
Ca1−xSrxCo2−yP2 series is also closely related to its magnetism [21]. Hence, it is very much
identified that the magnetic order of Co ions is strongly related to the formation of bonds
between Co-X layers [22, 23].
Additionally, CaFe2As2, one of the high-T c parent compounds, experience a collapsed
tetragonal phase under modest applied pressure [24, 25]. This collapsed phase exhibits a
reduction in the interlayer spacing between Fe2As2 layers along c direction which is consistent
with the formation of an As-As bond. The crystal structure symmetry remains unchanged
4through the transition and this transition is first-order. Depending on the temperature, a
transition from an orthorhombic (O) or tetragonal (T) unit cell to a collapsed-tetragonal
unit-cell can be observed. Interestingly, no magnetic ordering, magnetic fluctuations or
superconductivity are observed in this collapsed-tetragonal phase [26, 27, 28, 29]. In contrast
to Co 122 compounds, Fe based compounds lead to quenching of the Fe moment in the
collapsed-tetragonal phase with the formation of the As-As bond in between between Fe2As2
inter layers [22, 23]. In the chemical picture, the formation of As-As bond assigns [As-
As]4− polyanion and M1+ anion in the cT phase, as opposed to the As3− anions and M1+
cations in the T phase. It has been observed that this valence state of the transition metal
and the As-As interlayer distance directly effects on the magnetic moment and ordering
temperature [22, 23]. This fact elucidates the opposite magnetic behavior in the cT phase of
the Fe based compound compared to the Co based compound.
The structural and magnetic phase diagram studies on CaFe2P2 to CaCo2P2 and CaNi2P2
to CaCo2P2, where the substitution is done in the transition metal site, manifest fascinating
structural and magnetic ground states. The CaFe2P2, CaCo2P2, and CaNi2P2 compounds
are found to be in the cT phase. The c lattice parameter monotonically decreases when goes
from M = Fe to Co to Ni, which proposed stronger P-P bond in the CaNi2P2 compound
compared to others. However, no major change in the a lattice parameter is observed [30].
CaCo2P2 manifests A-type AFM ordering with moment aligned in the ab plane, but CaFe2P2,
and CaNi2P2 are PM metals [30]. It has been found that Fe substitution on CaCo2P2 dra-
matically suppresses the magnetic moment in Ca(Co1−xFex)2P2 for x ≤ 0.05 [30]. But,
Ca(Co1−xNix)2P2 shows a more localized-electron behavior that results in different complex
magnetic ground states as described in Ref [30]. As all the compounds of the series are al-
ready in the cT phase, there is no direct correlation in between occurrence of cT phase to
the emergence of magnetic phase.
5Remarkably, development of a ferromagnetic quantum critical point (QCP) by a non-
thermal parameter (by doping) on a Co based 122 compound, SrCo2(Ge1−xPx)2 has been
observed recently [31]. Evidently, the breaking of bonds inX-X dimers in SrCo2(Ge1−xPx)2 is
directly associated with the ferromagnetic quantum critical point. The noted difference here
is both end member compounds, where SrCo2P2 and SrCo2Ge2 are paramagnetic. Surpris-
ingly, weak itinerant ferromagnetism develops whenX-X dimer is beginning to break. Hence,
the QCP has been observed exactly at the onset of a ferromagnetic phase in SrCo2(Ge1−xPx)2
with x ∼ 0.325 [31]. Furthermore, this FM appears only during the breaking of X-X inter-
layer bond, and when the X-X bond is fully broken, the ferromagnetic state also disappears.
This observation elucidates that the QCP and the ferromagnetic phase is not a result of P
doping but it is rather an outcome of the X-X interlayer bond breaking. Therefore, the
emergence of FM phase simply cannot be explained by valence change of Co. On the other
hand, CaCo2(Ge1−xPx)2 compound is in the collapsed phase with X-X bond for all values
of P doping, x. In contrast to the Sr compound, Ca series has demonstrated non-magnetic
to AFM transition without having a FM state as discussed in Ref. [31]. Additionally, the
BaCo2(Ge1−xPx)2 compound is in the non-collapsed phase without showing a X-X bond for
all values of P doping, x, and only non-magnetic ground state is observed [31].
More attempts to search for other exotic ground states on Co (transition metal next to
Fe in the periodic table) based 122 compounds have already been reported and the following
are a selected few. The above examples highlight the fact that the X-X interlayer bonding
formation in 122 Co based compounds is very important. Moreover, this inter layer bonding
can be influenced on deciding their magnetic ground state and many novel ground states
have been observed. Further careful experimental studies are required on Co compounds to
understand what driven those exotic ground states. In searching for new ground states in Co
based 122 compounds, two other possible paths are identified throughout this thesis work
(SrCo2As2 and Ca(Co1−xFex)2As2 series). The two paths (A) and (B) are demonstrated in
6Fig. 1.1 and the reasons for choosing the particular directions can be well described by using
the Fig. 2.7 [15, 32].
Figure 1.1: Schematic ground state phase diagram connecting the AFe2As2 and ACo2As2
systems. (Adapted the figure from R. J. McQueeney)
As explained earlier, the CaFe2As2 cT phase is induced via modest applied pressure.
The c lattice parameter, inter layer As-As distances and the c/a lattice parameters ratio of
SrCo2As2 are comparable to those in CaFe2As2 [15] as compared in Fig. 2.7. This suggests
that the SrCo2As2 might be a perfect candidate to induce the cT phase under applied pres-
sure. If the cT phase of SrCo2As2 is achieved (Path (A) in Fig. 1.1), magnetism might also
be anticipated, as observed in cT phase of CaCo1.86As2. Additionally, total energy calcu-
7lations indicate that there is a competition between different magnetic ground states, such
as ferromagnetic, A-type AFM, stripe-type AFM or non-magnetic state in SrCo2As2 [18].
The calculations further indicate that A-type or FM ordering are more favorable in a 15 %
volume reduced SrCo2As2 phase. Moreover, the observed opposite magnetic behaviors of
Fe1+ and Co1+ in the collapsed tetragonal phase favor the occurrence of magnetism in cT
phase in SrCo2As2 [22]. And SrCo2As2 compound already shows a magnetic instability as it
displays stripe-type spin fluctuations below T < 5 K [18]. All the above facts encouraged
searching for the cT phase in SrCo2As2 under pressure, and for magnetism in a possible
cT phase. The detailed investigation studies and results on this issue will be addressed in
chapters 4 and 5 in this thesis.
The relationship of different tuning parameters, as well as phase competition, encour-
aged us to resolve another aspect of the relationship between CaFe2As2 and CaCo1.86As2 in
terms of the magnetic and crystallographic structures. As demonstrates in Fig. 2.7 (a), it is
clear that for Ca based 122 compounds, the transition from uncollapsed-tetragonal phase to
collapsed-tetragonal phase occurs when change the transition metal from Fe to Co. Addi-
tionally, cT phase of CaFe2As2 is not magnetic but cT phase of CaCo1.86As2 is magnetic as
highlighted in Fig. 2.7 (d). The Fe-rich region of the phase diagram of Ca(Co1−xFex)yAs2 is
already well understood and does not show the cT phase for x ≥ 0.91 [33, 34, 35]. However,
the Co-rich region of the phase diagram has not been fully resolved yet and the nature of
the evolution (whether it is a transition or a crossover) of the different crystallographic and
magnetic structures is also not known. Hence the evolution from cT structured A-type AFM
ordering of CaCo1.86As2 to stripe-type AFM ordered CaFe2As2 (Path (B) in Fig. 1.1) will be
presented in detail in chapter 6 of this thesis.
Once the correlations among the lattice, electronic, and magnetic structures and the
mechanism of these correlations are understood, properties in these systems can be tuned
accordingly. To accomplish these challenges, appropriate probes are necessary. X-ray and
8neutron scattering are powerful techniques that can be used to obtain the insight of the
chemical and magnetic structures of the materials. Once these studies combine with an
advanced tool, such as high pressure, it adds another important research dimension.
In summary, this work aims to address two possible means of system tuning and explain
the specific choice of tuning methods in these systems. The tuning path is shown in red
arrows with a label (A) and (B) in Fig. 1.1. Specifically, Chapter 2 will review the corre-
sponding detailed background along with some key properties of Fe and Co based compounds
that are useful for understanding the studies that follow. Chapter 3 will briefly review the
techniques employed in these studies. The experiments and the experimental results will be
explained in Chapters 4, 5, and 6. The Chapter 7 will summarize the results and discuss
future work. Finally, Chapter 8 will present a brief summary of some other projects that I
collaborated, apart from the projects which I have discussed in this thesis.
9CHAPTER 2. INTRODUCTION TO ThCr2Si2-TYPE AM2Pn2
COMPOUNDS AND THEIR CORRELATION BETWEEN THE
LATTICE, ELECTRONIC AND MAGNETIC STRUCTURE
2.1 ThCr2Si2 type compounds and general properties
The ThCr2Si2-type structure is one of the most populous crystal structure types, which
is known from 1965 [36]. This system is also known as 122 type compounds, where 122 gives
the stoichiometric ratio. As briefly explained in the previous chapter, AM2X2 (A = alkaline,
alkaline earth or rare earth element, M = transition metal, and X = pnictogen) ternary com-
pounds show numerous interesting structural, electronic, and magnetic characteristics; and
hence have been extensively studied in the solid state physics community [37, 38]. BaCr2As2
is an itinerant metal but BaMn2As2 is a semiconductor; both reveal high antiferromagnetic
(AFM) transition temperatures, T N [8, 9]. On the other hand, BaCu2As2 shows metal-
lic diamagnetism [1]. CeCu2Si2 is a heavy fermion system [39]. BaNi2As2, LaIr2Ge2 and
LaRu2P2 compounds show superconductivity with superconducting temperatures, T c < 5
K [40]. There are many more examples of interesting 122 compounds and the following are
a selected few.
ThCr2Si2-type compounds crystallize in the body-centered tetragonal structure (space
group I 4/mmm) with two formulas per unit cell. An example of a ThCr2Si2-type compound
structure is shown in Fig. 2.1 (a), where A = alkaline earth metal, M = Fe, and X =
pnictogen element in this case. The AM2X2 lattice consists of alternating A
2+ and M2X
2−
2
layers, and the M2X2 layer consists of MX4 tetrahedrons. The bonding between the A
2+ and
the M2X
2−
2 layers is ionic. Within the M2X
2−
2 layers, M -X possesses covalent bonding and
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M -M possesses metal-metal bonding [38]. Two different structures are identified depending
on the inter-layer X-X bonding. Strong X-X bonding results in a three-dimensional (3-d)
system, whereas weak or no bonding results in a two-dimensional (2-d) layered character [41].
The diversity of the dimensionality, bonding strengths, and the interactions are associated
with the exotic chemical, electronic, and magnetic characteristics in these compounds [40, 42].
One of the most attractive feature of this system is the ability for substitution of various
sized atoms and the capability of doping at all three sites. Introducing different sized atoms,
changing the number of electrons in the system and orbitals near the Fermi energy may
modify the amount of orbital overlap. Thus the strength of the interactions are also subjected
to modification. As these modifications can be preferably controlled, extended numerous
studies can be perused to obtain a better understanding of these ThCr2Si2-type compounds.
2.2 Re-appearance of ThCr2Si2-type AM2Pn2 (A = alkaline earth,
M = transition metal, Pn = pnictides) compounds as a
candidate for high-T c superconductor
Even though the 122 family was one of the most thoroughly studied systems by the
year 2008, scientists realized that many more fascinating behaviors could be still hidden and
explored in Fe-As layered compounds, after discovering the high-temperature superconduc-
tivity (HTS) in LaFeAsO1−xFx [44]. Superconductivity was first found in this 1111 family in
2006 with a low T c ∼ 3.2 K [45] in LaFePO. A large increase of T c has been realized in the
isocrystalline compound, LaOFeAs on doping of fluoride ions [46]. The pressure-induced in-
crement of T c from 26 K to 43 K on F doped LaFeAsO [46] encouraged further doping studies
with a smaller atom. For example, substitution studies continued to replace lanthanum with
other smaller rare earth elements such as cerium, neodymium, samarium etc. resulted in a
higher T c [47, 48, 49], with the current record of T c ∼ 56 K in Gd0.8Th0.2FeAsO [50].
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Figure 2.1: Ambient temperature tetragonal structure of AFe2Pn2 (A = Ca, Sr, Ba and
Pn = As) compounds is in left. FeAs layers with Fe atoms(yellow spheres) are in a square
planar lattice in the ab plane as seen in dashed red lines. a , b and c directions denote with
subscript T, where T stands for tetragonal phase. Low temperature orthorhombic structure
with stripe-type magnetic order (moments are antiferromagnetically aligned along the a and
c directions but ferromagnetically aligned along b direction) is on the right. a , b and c
directions denoted with subscript O, where O stands for orthorhombic phase. Ordered spin
arrangement in the Fe-As plane is indicated by red arrows. Note that a and b are rotated
by 45 degrees in the orthorhombic phase compare to the tetragonal phase. These figures are
adapted from Ref. [33, 25]. These diagrams were created with vesta [43].
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In the same year, 2008, a ThCr2Si2-type ternary iron arsenide compound, BaFe2As2 [51]
displayed an anomaly in the specific heat, resistivity and magnetic susceptibility, which was
similarly observed in the high T c 1111 parent compound, LaFeAsO [44]. This was due to
a combined structural and magnetic phase transition to an orthorhombic phase with spin-
density-wave (SDW) type antiferromagnetic order. Both LaFeAsO and BaFe2As2 compounds
consist of similar Fe-As layers alternating within La-O layers and Ba layers respectively, along
the c direction. Moreover, both undergo a structural transition from a high-temperature
tetragonal phase to a low-temperature orthorhombic phase. Moreover, the transfer of elec-
trons from (LaO)+ or Ba+ into the (FeAs)− ion is identical in both cases. This similarity also
suggested that BaFe2As2 might be a tentative high T c superconducting parent compound.
After Johrendts group published the initial results for BaFe2As2 [51], they published the
discovery of superconductivity in Ba0.6K0.4Fe2As2 with a T c ∼ 38 K [52]. The substitution
of K for Ba results in a hole-doped variant of BaFe2As2. Interestingly, later studies showed
that superconductivity can also be induced by substitution of the transition metal [4, 5] with
a maximum T c ∼ 23 K in Ba(Fe0.93Co0.07)2As2. Superconductivity can also be induced
by substitution at the pnictogen site [53], and the maximum T c ∼ 30 K is recorded for
BaFe2(As0.68P0.32)2. As shown in Fig. 2.2, studies found not only 1111 and 122 type com-
pounds, but several other FeAs layered compounds to be interesting, share similar character-
istics, and have a wide range of aspects to play within the role of inducing superconductivity.
Figure 2.2 compares each crystal structure individually where 11 type (eg. FeSe), 111 type
(eg. LiFeAs), 122 type (eg. SrFe2As2), 1111 type (eg. LaFeAsO) and another type (eg.
Sr3Sc2O5Fe2As2) [3]. Fe atoms are represented by red spheres, while pnictogen or chalcogen
atoms are gold, and together they form the common Fe-pnictogen or Fe-chalcogen layer. Fur-
ther studies are currently occuring on the recently discovered 1144 type (eg. CaKFe4As4) [54],
and 12442 type (eg. RbGd2Fe4As4O2 which has T c ∼ 35 K) [55].
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Figure 2.2: Crystallographic and magnetic structures of the iron-based superconductors.
a) The five tetragonal structures known to support superconductivity. b) The planar iron
layer common to all superconducting compounds, with iron ions shown in red and pnicto-
gen/chalcogen anions shown in gold. The dashed line indicates the size of the unit cell of the
FeAs-type slab, which includes two iron atoms owing to the staggered anion positions, and
the ordered spin arrangement for FeAs-based materials is indicated by yellow arrows (that
is, not shown for FeTe). This figure is adapted from Ref. [3].
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The main focus of this thesis is on the ThCr2Si2-type crystalline structured AM2As2 (A =
Ca, Sr; M = Fe, Co) compounds. Therefore it is important and necessary to understand its
chemical and magnetic characteristics in detail before discussing the experimental techniques
and measurements.
2.3 Chemical structure and magnetic structure of AFe2As2
Among all other Fe based compounds, the 122 type compounds have undergone many re-
search studies due to the early availability of large single crystal samples. Several milligrams
of homogeneous crystals can be easily grown using either FeAs self-flux [56, 5] or Sn-flux
solution [57]. The ability to grow homogeneous high-quality single crystals with large mass
is a big advantage. It supports various kinds of studies with different types of measurements,
including characterization with neutrons where larger masses of crystals are preferable.
As discussed earlier, BaFe2As2 is one of the first Fe based 122 superconducting high
T c parent compounds with a T c of 38 K in (Ba0.6K0.4)Fe2As2 [52]. The parent compounds
of the 122 Fe pnictides, AFe2As2 (A = Ca, Sr, Ba), have the body-centered tetragonal
ThCr2Si2-type structure (a = b 6= c) with space group I 4/mmm for their room temperature
and ambient pressure paramagnetic(PM) phase. A transition from the high-temperature
paramagnetic phase with tetragonal symmetry to a low-temperature stripe-type antiferro-
magnetically ordered phase upon cooling, which either simultaneously with or subsequent
to a structural phase transition lowers the symmetry of the unit cell to face-centered or-
thorhombic structure (a 6= b 6= c) with a space group of Fmmm. Figure. 2.1 (a) shows the
basic tetragonal crystal structure at ambient conditions. Typically, at ambient conditions,
the a lattice parameter is ∼ 4.0 A˚ and c is in the range of 11.0 - 14.0 A˚. The crystal struc-
ture consists of layers of tetrahedra of FeAs with Fe atoms in a square planar lattice in the
ab plane as shown by the dashed red lines in Fig. 2.1 (a) and the red and gold spheres in
Fig. 2.2. Note that in the orthorhombic phase, below the structural transition temperature,
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T S, a and b are rotated by 45 degrees compared to the tetragonal phase, where aO ≈
√
2
aT . Here subscript O stands for orthorhombic and subscript T stands for tetragonal crystal
lattice structure.
Figure. 2.1 (b) shows the antiferromagnetic (AFM) order and orthorhombic structure
at low temperatures below the antiferromagnetic transition temperature, T N. In this mag-
netic and orthorhombic phase, the Fe moments are antiferromagnetically ordered and aligned
along the longer orthorhombic a axis and ferromagnetically aligned in the b direction within
the ab plane. The Fe moments are stacked antiparallel along the c direction in the neigh-
boring Fe−As layers. This particular itinerant AFM order or the spin density wave order
is named as stripe-type AFM order. The corresponding magnetic propagation vector is
τ st = (
1
2
1
2
1)Tr.l.u. = (1 0 1)O r.l.u., the subscript T indicates the tetragonal unit cell and
the subscript O indicates the orthorhombic unit cell, and r.l.u. means reciprocal lattice unit.
2.4 Doping the AFe2As2 parent compound and the correlation
and competition between the lattice, electrons, and
magnetism
Electron doping adds extra electrons to the conduction band and hole doping decreases
the number of electrons in the conduction band. As briefly discussed earlier, doping or sub-
stitution with other elements results in rich phase diagrams, and AFe2As2 compounds allow
for various different doping possibilities. As an example in Ba1−xKxFe2As2 [58], hole doping
is obtained when K is substituted for Ba between the FeAs layers. In BaFe2−xCoxAs2 [5]
and BaFe2As2−xPx [53], electron doping and isoelectronic-doping are obtained, respectively.
In these latter compounds, doping is accomplished within the Fe-As layer. Interestingly, in
above three cases they share common features in their phase diagrams as discussed in Ref. [3].
Figure 2.3 shows examples of phase diagrams for the case of electron-doping in CaFe2As2,
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SrFe2As2, and BaFe2As2 parent compounds. In the Fe-rich concentration region, the overall
distinctive feature is that doping gradually suppresses the structural transition tempera-
ture, T S and antiferromagnetic transition temperature, T N, either with T S = T N or T S >
T N. A reduction of the magnetic moment size has been also observed. The similar or close
transition temperatures suggest a strong coupling between magnetic ordering and lattice
distortion. Substitution of dopant atoms suppresses T S and T N sufficiently, and eventually
induces superconductivity. At some doping level, T c shows its maximum. Further doping
decreases T c and, finally, suppresses the superconductivity.
The 122 type compounds possess a competition between structural distortion, magnetism,
and superconductivity as orthorhombicity and magnetism are suppressed close to the tem-
perature which superconductivity appears. Comparison of the temperature-dependent or-
thorhombic distortion studies on Ba(Fe1−xCox)2As2 for 0.03 ≤ x ≤ 0.06, the region where
you see a coexistence of orthorhombicity, magnetism and superconductivity, gives a clear in-
sight into the competition between the orthorhombic distortion and superconductivity [60].
The orthorhombic distortion, δ is defined as (a-b)/(a+b), where a and b are the two basal
plane lattice constants in the low-temperature orthorhombic phase. As seen in Fig. 2.4 (a)
for temperatures above T S, δ is zero which means the compound is in the tetragonal phase.
Upon cooling δ increases up to a maximum at T c and, with further cooling, causes δ to de-
crease for T < T c. Note that upon doping the relative decrease of orthorhombic distortion
become larger. Re-entrance of the tetragonal phase is identified for x = 0.063, as the dis-
tortion goes to zero. No orthorhombic distortion is observed for further doping, x ≥ 0.066.
Interestingly, δ is zero near the optimal Co-doping level, where T c shows its maximum. A
non-superconducting sample (x = 0.018) does not show such decrease in δ at low tempera-
tures, which suggests the influence of superconductivity on the orthorhombic distortion [61].
However, later studies showed that this coupling between the δ and superconductivity is
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Figure 2.3: (a) T -x phase diagram of Ca(Fe1−xCox)2As2. Solid lines are guides to the eye.
The inset shows the superconducting region [35]. Black asterisks are the data from [34]
inferred from resistance. (b) Temperature and chemical composition phase diagram of
Sr(Fe1−xCox)2As2 single crystals for 0 ≤ x ≤ 0.17. Lines are a guide to the eye. [59] (c)
The T -x phase diagram for Ba(Fe1−xCox)2As2 [60].
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indirect and arises from a competition between magnetism and superconductivity together
with a strong magnetoelastic coupling. [60].
The structural distortion, δ evolves continuously at T S for the entire range of x. Hence,
the structural transition is considered to be second order [60, 61]. Only a mild anomaly
is observed in δ associated with T N in the coexistence region [61]. However, in the lower
concentrations a step-like feature is observed in δ associated with T N [61]. Therefore, it is
considered that the magnetic transition changes from first-order at lower doping to second-
order [60, 61]. On the other hand, the competition between AFM order and superconductivity
is well demonstrated by neutron diffraction studies on Ba(Fe1−xCox)2As2 for x = 0.047. Upon
cooling, the integrated intensity of the (1
2
1
2
1) magnetic peak is suppressed below T c as seen
in Fig. 2.4 (b) [62]. This could be due to the participation of the same electrons in both AFM
ordering and superconductivity as discussed in Ref. [62]. Additionally, it is reported that Ni
and Rh-doped BaFe2As2 compounds also demonstrate a similar suppression of AFM order
below T c [63, 64, 65, 66]. Note that the coexistence region of the superconducting phase
with the orthorhombic and AFM or paramagnetic phase and the back-bending feature of
the T S and T N phase separation lines, in Co-doped BaFe2As2.
In 122 compounds, the doping level at which superconductivity appears is in close prox-
imity to that at which the suppression of the structural distortion and antiferromagnetism is
complete. Therefore, in order to make further progress in our understanding of superconduc-
tivity and how it can be tuned in these compounds, it is necessary to find the major driving
force for this structural or magnetic instability. As T S ≈ T N or T S > T N is observed, it
seems plausible that the structural instability is responsible for initiating the magnetic tran-
sition [60]. However, it has been shown that an electronic ordered state drives the structural
instability [67]. Thermodynamic and transport measurements have been carried out to get a
clear idea about the electronic structure, especially in the region of T S > T > T N and T N
> T . But it is necessary to have detwinned crystals as the formation of twin domains in the
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Figure 2.4: (a) The measured orthorhombic distortion as a function of temperature. Filled
symbols represent the distortion determined from the positions of two peak fits to the data.
The open symbols represent an upper limit on the distortion extracted from the line broad-
ening of a single peak fit to the data relative to the peak width well above T S. Labeled
arrows denote the measured T N for several samples. Adapted from Ref. [60]. (b) The inte-
grated intensity of the (220) nuclear reflection (circles) and the (1
2
1
2
1) magnetic reflection
(squares) for x = 0.047 as a function of temperature. Hollow symbols indicate warming and
filled symbols cooling. The solid line shows the power law fit to the magnetic order parame-
ter. Vertical lines through all three panels indicate the structural (T S), magnetic (T N), and
superconducting (T c) transitions. Adapted from Ref. [62].
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orthorhombic phase may result in mixed properties. In order to prevent the formation of
orthorhombic twin domains, a small stress can be applied along the diagonal direction in the
basal plane of the tetragonal phase [68, 69]. Interestingly, an electronic ordered state which
breaks the high-temperature tetragonal symmetry has been proposed from measurements of
the anisotropy of in-plane resistivity in detwinned Co-doped Ba122 crystals at temperatures
close to T S [70]. The state has also been confirmed by angle-resolved photoemission spec-
troscopy (ARPES) measurements [71]. Inelastic neutron data for T S > T > T N also shows
anisotropy in magnetic fluctuation peaks at (pi, 0) and (0, pi) directions, even though the
peaks are similarly stronger for temperatures above T S [72]. The electronic ordered state is
further discussed below.
Stripe-type magnetic ordering in the 122 compounds can occur by forming FM aligned
spin chains along either one of the basal plane directions in the tetragonal cell. Therefore,
the system first needs to choose one of the basal plane directions along which to align spins
parallel so that some correlations start to arise in that particular direction. In this case, the
tetragonal symmetry is broken due to the correlation, but the system is still paramagnetic.
This new four-fold breaking symmetry phase is named the ”nematic” phase which occurs for
T S > T > T N [67]. At T N, the system will break the spin rotational symmetry by forming
the stripe-type magnetic order. It has been found that the difference in between T S and
T N can be larger for more quasi-2D systems. The nematic phase shows a larger anisotropy
in resistivity compared to the orthorhombic distortion. Hence, it was proposed that the
tetragonal to orthorhombic distortion is driven by the electronic degrees of freedom of the
system and this further implies the reason behind T S ≈ T N or T S > T N. Near the structural
transition, the nematic fluctuations also soften the shear modulus due to the magnetoelastic
coupling in the normal tetragonal state, but make it harder to form the superconducting
state as discussed in Ref. [67]. This may explain the zero lattice distortion near the optimal
doping.
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The electronic structure of the 122 system has been identified by ARPES measurements
combined with theoretical calculations. The electronic properties of the FeAs layered struc-
ture are mainly dominated by 3d bands at the Fermi energy with six electrons occupying
the Fe’s 3d orbitals. It has been found that dxy , dxz, and dyz orbitals mostly contribute
near the Fermi energy [73]. Hole bands are located at the center of the Brillouin zone and
electron bands are located at the zone boundary at (±pi, 0) in the reciprocal unit cell (in
orthorhombic notation), and are well separated from each other as in Fig. 2.5. The electron
and hole pockets are connected by a spin density wave vector QSDW, as in Fig. 2.5(b), which
is the observed AFM ordering vector, QAFM. This implies that the Fermi surface nesting
may drive the AFM order. In Ba(Fe1−xCox)2As2, electron doping via Co substitution en-
larges the electron pockets and shrinks the hole pockets, which destabilizes the stripe-type
AFM order. Enough substitution suppresses AFM order and introduces superconductivity,
but AFM fluctuations centered at the stripe-type ordering wavevector persist. Ultimately,
further substitution destroys both the superconductivity and the fluctuations by detuning
the Fermi surface nesting [74]. But they are strong again for SrCo2As2, which is the end
member of the Sr(Fe1−xCox)2As2 series [18].
Figure 2.5: The electronic structure in the undoped parent compounds of iron-based super-
conductors. (a) The illustration of the general Fermi surface topology [40]. The hole bands
are centered at the center of the Brillouin zone and electron bands are centered at the zone
boundary at (±pi, 0), and are well separated from each other. (b) The electron and hole
pockets can be nested by QSDW= (pi, 0) and it is shown for the in SrFe2As2 case [75].
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Inelastic neutron studies on 122 compounds demonstrate an in-plane anisotropy for fluc-
tuations centered at positions corresponding to the stripe-type AFM wave vector. The
anisotropy is clearly visible in energy cuts upon comparing the full widths at half maximum
(FWHM) of fits along the longitudinal and transverse directions. The FWHM indirectly
reflects exchange interactions (FM or AFM) at nearest (J 1) and next nearest (J 2) neighbors
as the spin-spin correlation length is proportional to the inverse of the FWHM. J 2 exchange
coupling has to be antiferromagnetic and J 1 exchange coupling can be either ferromagnetic
or antiferromagnetic in the stripe-type scenario [76].The stripe-type fluctuations are sharper
in the longitudinal (LO) direction and broader in the transverse (TR) direction in BaFe2As2
or electron-doped BaFe2As2. Hence, the spin-spin correlation length is larger in the LO
direction and shorter in the TR direction [76, 40]. Opposite characteristics are observed in
the hole-doped Ba1−xKxFe2As2 [40]. The observed FWHMs can be used to determined the
anisotropy parameter of the correlation lengths, |J 1| / 2J 2. Then the nature of J 1 (FM
or AFM) can be predicted accordingly [77]. The anisotropy parameter is also important in
predicting the magnetic ground state as discussed in Ref. [40].
As discussed earlier, superconductivity and antiferromagnetism are found to be in close
proximity. This close proximity suggests that antiferromagnetic spin fluctuations may play a
major role in the superconducting pairing mechanism in high-T c Fe pnictides. The highest
T c is seen upon suppression of the lattice distortion and AFM ordering but, diffuse spin
fluctuations survive for the optimally doped Ba(Fe1−xCox)2As2 compound for x = 0.075
as described in Ref. [78, 79, 80]. The cross over from well-defined spin wave excitations
to diffusive excitations is gradual when x changes from 0.03 to 0.05, where the emergence
of superconductivity is observed [78]. This infers the requirement of presence of diffusive
type excitations in order to develop superconductivity [78]. While cooling down below T c, a
superconducting neutron spin resonance starts appearing with an increase of a peak intensity
at an energy transfer of ∼ 9.5 meV as explained in Ref. [79]. This further supports the
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notion that spin fluctuations are related to the superconductivity, as magnetic intensity and
spin resonance both occur at the same stripe wave vector. Another supporting point is
that the stripe-type spin fluctuations, which are observed in the superconducting tetragonal
phase of CaFe2As2, were not observed in the non-magnetic and non-superconducting volume
collapsed tetragonal phase of CaFe2As2 [24, 25, 28]. (A detailed explanation of this volume
collapsed tetragonal phase will be presented in a later section.) Although, these stripe-type
spin fluctuations may be necessary for SC, they may not be sufficient to support high-
T c superconductivity. For example, our inelastic neutron studies on SrCo2As2 reveal the
presence of magnetic spin fluctuations at the stripe wave vector, but the compound does not
show any magnetic ordering or superconductivity down to 2 K [18].
With all the above information, it is clear that the different concentrations of Co-doping
on AFe2As2 give a set of rich characteristics in terms of the structure, magnetism, and the
superconductivity. Not only the Co-doping, but also the other 3-d transition metals doping
on the AFe2As2 compound reveals similar attributes. As an example, the suppression of T S
and T N and the appearance of superconductivity upon substitution is observed in AM2As2
(A = Sr, Ba and M = Co, Ni, Rh, Pd) [1]. All M , where M = Co, Ni, Rh, Pd, has only one
or two extra electrons in the outer d shell compared to Fe and are on the right-hand side
to Fe in the periodic table. However, doping BaFe2As2 with Cu where there are three more
extra electrons compared to Fe, does not show any superconductivity. It shows only the
similar suppression of T S and T N as in BaM2As2 (M = Co, Ni, Rh, Pd). When examining
Mn, which is on the left-hand side to Fe, it tends to make a big difference on AM2As2 (for M
= Mn) compared to Co-doped AFe2As2. Interestingly, the 122 systems with M = Mn
2+(3d5)
where the d electronic shell is half filled and more stable, are believed to be a local moment
systems due to the high spin state of Mn [9]. The system BaM 2As2 (M = Fe, Co, Ni, Cu)
has a metallic ground state, but isostructural BaMn2As2 is an AFM insulator. This low-
temperature Ne´el type AFM structure shows a high ordered moment with 3.9 µB/Mn where
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the ordered moment is aligned along the c direction and T N ∼ 625 K, which is likely a local
moment system [9]. On the other hand, SrMn2As2 and CaMn2As2 show even more discrete
characteristics. The trigonal type insulating SrMn2As2 and CaMn2As2 crystals reveal Ne´el
type AFM transitions at T N ∼ 120 K and T N ∼ 62 K respectively [81, 10]. The magnetic
moments are aligned in the ab plane. Even though the Fe and Mn are adjacent atoms in the
transition metal series, highly divergent properties in AMn2As2 system compared to AFe2As2
or partially doped AFe2As2 with Co, Ni, Rh, Pd, suggests the necessity of heavy exploration
of 122 compounds with various transition metals.
Before explaining the feasible routes of doping the system, AM2As2, it is useful to under-
stand another tunable iso-structural transition, which has been observed in the 122 system.
2.5 The mechanical or chemical pressure-induced
volume-collapsed tetragonal structure
Aside from the above details of the AM 2Pn2 compounds, (where M is a transition metal),
it has also been found that the formation or absence of bonding between two M 2Pn2
2− layers
along the edges of tetragonal lattice at pnictogen atoms can be tuned by either varying the
transition metal, partial doping or applying pressure. As an example, in CaFe2As2 it has
been suggested that As2 molecules (dimers), or in other words As−As bonding in between
adjacent FeAs layers, are created upon pressurizing the unit cell [24, 25]. Applying enough
hydrostatic pressure collapses the c lattice parameter and the unit-cell volume, resulting in a
so-called collapsed tetragonal structure. The crystal structure symmetry remains unchanged
through the transition.
Hoffmann explains in detail how Pn−Pn bonding can be induced by varying transition
metals and the concept behind the chemistry of the formation of this Pn−Pn bonding [38].
Phosphorus, P, yields various valence states, therefore several numbers of chemical bondings
can occur between P atoms. As an example in collapsed-tetragonal BaCu2P2, containing
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non magnetic Cu1+ cations, P2− (4p5) has an unpaired electron, thus a single covalent bond
between P-P is made [38]. For uncollapsed-tetragonal BaFe2P2, containing P
3− (4p6), p or-
bital is totally filled and no covalent bond occurs in between P-P. In the chemistry viewpoint,
when there is a formation of a bond between two unpaired atomic orbital electrons, it also
creates two molecular bonding orbitals, which are named as bonding and anti-bonding or-
bitals. The two electrons are paired up in the molecular bonding orbital, which has a lower
energy than the atomic orbital energy. The anti-bonding orbital is in a higher energy than
the atomic orbital energy. In the bonding orbital scenario, there is at a higher electron
probability between the atoms, and this electron density supports the attraction of the two
nuclei to each other to strengthen the bond. However, in the anti-bonding picture, higher
electron probability is shown behind the nucleus, so that two nuclei repel each other and the
bond is weakened.
For BaM 2P2, the 3d band of the transitional metal lies between the P−P bonding orbital
energy (σ) and P−P anti-bonding orbital energy (σ∗) as seen in Fig. 2.6. When moving left
to right across a row in the periodic table, nuclear charges increase, so d electrons are
more tightly bound and less screened. Thus d bands energy lowers compared to left-hand
side as seen in Fig. 2.6. According to that figure, the Fermi energy also moves below the
P−P anti-bonding energy states, so that the unoccupied P−P anti-bonding energy states
and occupied P−P bonding energy states support the bond across P atoms. This bonding
attracts P atoms together and strengthen the bond between P atoms. The system also may
distort accordingly. Thus, the collapsed tetragonal phase is created. However, both bonding
and anti-bonding orbitals occur below the Fermi energy and are occupied for the transition
metals on the left-hand side as seen in Fig. 2.6. Therefore, these filled electron densities of
bonding and anti-bonding orbitals are unfavored to attract the P atoms together. In the
chemical picture with the P−P bonding, single P ion becomes divalent and shows Ba2+,
Cu1+ and P2− or [P−P]4− for BaCu2P2. However, when there is no covalent bond between P
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atoms in the normal tetragonal BaMn2P2 unit cell, P ion becomes trivalent and yields Ba
2+,
Mn2+ and P3−. For a specific A and Pn, distance of Pn−Pn gradually decreases with the
substitution of a right-hand side transition metal in the periodic table and hence, it implies
the preference of making the Pn-Pn bond [38].
Figure 2.6: Relationship of the d band filling of BaM 2P2 (M = Mn, Fe, Co, Ni, Cu) and
molecular orbital energy of the P2 molecule [38].
The Pn−Pn bonding is associated with the development of the collapsed tetragonal
phase. When the Pn−Pn bond distance comes closer to the elemental covalent Pn−Pn bond
distance or when the c/a lattice parameters ratio is roughly less than ∼ 2.9, the system is
considered to be in the collapsed tetragonal phase [22]. Experimentally, the sudden c lattice
parameter collapse and the volume reduction are observed at the T-cT transition. The c/a
lattice parameters ratio is strongly linearly correlated to Pn−Pn bonding distances in 122
systems as described in Ref. [22]. This correlation was identified even before in the ACo2Pn2
system, with A = alkaline and alkaline earth metals [23]. Interestingly, it is observed that
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there is no magnetic ordering when there is no Pn−Pn bonding in the ACo2As2 system.
However, the Pn−Pn bonding formation favors the occurrence of magnetic ordering in the
ACo2P2 cT phase [22, 23]. On the other hand, the observed magnetic ordering and stripe-
type fluctuations are not present in the cT phase of CaFe2As2 [24, 25, 28, 29], which shows
the opposite magnetic behavior in the cT phase of the Fe based compound compared to the
Co based compound.
A comparison of CaFe2As2 to CaFe2P2 [5, 33, 82] or CaCo1.86As2 to SrCo2As2 [15, 14, 13]
demonstrates that not only the transition metal substitution, but also a smaller isoelectronic
substitution in the non-transitional metal site, can trigger the formation of Pn−Pn bonding,
and create the cT phase. Such substitution with a smaller isovalent atom can be considered
as applying chemical pressure as it does not change the total number of electrons in the outer
shell in the particular doped atom. But it does change the overall unit cell volume and the
c lattice parameter, which can trigger the cT phase.
The transition from low-temperature stripe-type antiferromagnetically ordered uncol-
lapsed CaFe2As2 to the pressure-induced volume collapsed tetragonal phase of CaFe2As2
reveals the suppression of both magnetism and superconductivity [24, 25, 28]. It has been
found that a post-growth annealing and quenching thermal treatment helps to stabilize the
cT phase of CaFe2As2 at ambient pressure [83], which helped to carry out spectroscopic
measurements such as ARPES studies. The comparison of ARPES measurements and band
structure calculations in tetragonal and cT phases highlighted the disappearance of the hole
pocket in the zone center across the tetragonal to cT transition in CaFe2As2. Thus the nest-
ing condition between hole and electron pocket is not satisfied. Moreover, the strong decrease
in the Fe 3d electronic density of states (DOS) at the Fermi energy might be responsible for
the loss of the magnetic moment in the CaFe2As2 cT phase [84].
Therefore, collapsing of the c lattice parameter affects the energy bands of the system.
Atomic orbitals overlapping increases and results in band broadening. This influences the
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DOS at the Fermi energy. Hence, changes in the interactions can be expected and may also
lead to modifying or inducing the magnetism and/or superconductivity in a system.
2.6 The case studies of my thesis: SrCo2As2 and
Ca(Co1−xFex)2As2 series
2.6.1 SrCo2As2 as a new compound and motivation for pressure studies
Figures 2.7 (a) and (d) display the evolution of the c lattice parameter of different tran-
sition metals and the As−As bonding distances for AM 2As2 compounds (A = Ca, Sr, Ba
and M = Fe, Co) respectively. It suggests that the bonding between adjacent FeAs layers
occurs for CaM 2As2 when Fe is substituted by Co, and for SrM 2As2 when Co is substituted
by Ni [85, 32]. The comparison of As−As bonding distances in Fig. 2.7 (d) further highlights,
not only the cT phase of CaFe2As2, but also that the disappearance of the magnetism in
the pressure-induced cT phase [15] is presumably tied to the presence of the interlayer As-As
bonds [24, 25, 28, 29].
As discussed above, the partial substitution of Fe by Co in AFe2As2 revealed interesting
observations. The coupled structural and magnetic phase transitions become suppressed
at high enough levels of Co doping, and superconductivity occurs over a limited range of
Co doping [76, 3, 1, 87]. Further Co substitution leads to a complete suppression of mag-
netic fluctuations and superconductivity [88, 5]. It also encouraged investigations of the
parent compound, ACo2As2, itself. CaCo1.86As2 is one of the Co compounds which has been
studied and it shows dissimilar properties compared to the CaFe2As2. Both low and high-
temperature crystal structures are in the cT structure with c/a lattice parameters ratio ∼
2.6 [22]. The cT structure of CaCo1.86As2 exhibits A-type AFM structure, below its T N ∼ 52
K, where the ordered Co moments are ferromagnetically aligned in the ab plane and antifer-
romagnetically aligned along the c direction [13, 14]. Instead of the composition CaCo2As2,
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Figure 2.7: (a) The c lattice parameter for the 122-type AM 2As2 for A = Ca, Sr, Ba, and
M = Cr, Mn, Fe, Co, Ni, Cu. (b) The BaCu2As2 crystal structure. As-As bonding is
highlighted in filled red area. (c) The BaFe2As2 crystal structure. No As-As bonding is
present. (Figures 2.7 (a)-(c) are adapted from Refs. [85, 32]) (d) dAs−As versus A atom in
ACo2As2 and AFe2As2 (A = Ca, Sr, Ba). The lines are guides to the eye. The horizontal
dashed line indicates the As−As single-covalent-bond distance of 2.38 A˚. [86]. (Figure 2.7
(d) is adapted from Ref. [15]).
.
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CaCo1.86As2 was observed experimentally with 7(1)% vacancies on the Co site [22]. The
vacancies on the Co sites are randomly distributed as no evidence for vacancy ordering is
observed by diffraction measurements [13, 14].
Applying mechanical pressure is also an effective way to alter the lattice parameters and
thus the DOS at the Fermi energy. Although isovalent doping is a good way to alter the
lattice parameters, doping can introduce disorder and inhomogeneities in undesirable ways.
Additionally, chemical doping can be done only in discrete levels or may be impossible for
some concentration levels, whereas applied mechanical pressure can be changed continu-
ously [89]. When considering the possible occurrences of disordering or inhomogeneities by
doping/chemical pressure, applying mechanical pressures is more favorable to induce changes
in a system with a hydrostatic pressure medium.
However, these types of pressure studies present their own challenges. For example, in
CaFe2As2, superconductivity can be induced by applied non-hydrostatic or uni-axial pres-
sure [27]. However, the results may not be reproducible because these 122 compounds are
very sensitive to the pressure technique and medium used, and the sample quality or shape.
Hence, the hydrostaticity of the applied pressure is considered to be a key requirement to ob-
tain consistent results. When a true hydrostatic pressure medium is used, CaFe2As2 shows
no evidence of superconductivity at pressures up to p = 0.6 GPa. Superconductivity is
avoided by a transition to a cT phase. The T-cT transition is a first order transition, which
goes from the orthorhombic or tetragonal unit cell (depending on the temperature) to the
collapsed tetragonal unit-cell (Fig. 2.8 (a)) with a suppression of magnetic order or magnetic
fluctuations [26, 27, 28, 29] as shown in the phase diagram in Fig. 2.8 (a).
Interestingly, the pressure-induced T to cT phase transition suppresses the magnetic
ordering in CaFe2As2 and stripe-type fluctuations [24, 25, 28, 29], but the cT phase of
CaCo1.86As2 with Co
1+ at ambient pressure is ordered magnetically [13, 14] as displayed
in Fig. 2.7 (d). Thus opposite magnetic behaviors on Fe1+ and Co1+ in the collapsed tetrag-
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onal phase is identified [22]. Additionally, Fig. 2.7 (d) shows that the SrCo2As2 compound
has an As−As bonding distance similar to that of the CaFe2As2 compound. Moreover,
the comparable c lattice parameters and c/a lattice parameter ratios (c/a ∼ 3.0) of both
SrCo2As2 and CaFe2As2 [15, 22] encourage one to look for a cT phase of SrCo2As2.
Figure 2.8: (a) Pressure-temperature phase diagram of CaFe2As2 under hydrostatic pressure
determined from neutron and high-energy x-ray diffraction measurements. The shaded area
denotes the hysteretic region. Depending on the chosen pressure, and temperature path, the
measured structural and physical properties give anisotropic responses mainly due to the
non-hydrostaticity arising from the solidification of pressure transmitting medium [24]. (b)
Electronic phase diagram for Ca(Fe1−xRhx)2As2, [85, 32]. SC stands for narrow supercon-
ducting region and in both figures, green O AFM stands for orthorhombic AFM ordering,
blue T stands for Tetragonal and red cT stands for collapsed tetragonal.
.
In summary,
1. Co in the 122 system is interesting because Co-doped BaFe2As2 shows a rich phase
diagram, CaCo1.86As2 is in the cT phase and it is ordered magnetically below its T N.
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2. When comparing the As-As distances of AFe2As2 (A = Ca, Sr, Ba) and related
ACo2As2 compounds (Fig. 2.7.d) and when comparing the c lattice parameters (Fig. 2.7.a)
and c/a lattice parameters ratios [22], a possible candidate for inducing a cT phase by
pressure would be the SrCo2As2 compound (c/a ∼ 3.0) [15].
3. If SrCo2As2 can be forced into a cT phase, it may be speculated that this cT phase
manifests a magnetically ordered phase similar to the low-temperature cT phase of
CaCo1.86As2 (which has A-type AFM order). This is because CaFe2As2 shows interest-
ing pressure-induced phase diagrams with quenched magnetism in the cT phase and
the CaCo1.86As2 compound has opposite magnetic behavior to the CaFe2As2 compound
in the cT phase.
4. It is surprising that partial substitution of Sr in CaCo2As2 at the Ca site demonstrates
a series of magnetic ordering states [90, 20]. (Some aspects of the magnetic order have
been studied in detail [19]).
All the above interesting facts led us to study SrCo2As2 single crystals and perform pre-
liminary measurements and calculations. The crystal structure is a body-centered tetragonal
ThCr2Si2-type structure (a = b 6= c) with space group I 4/mmm, which is similar to the
ambient temperature crystal structure of the 122 AFe2As2 system. No magnetic ordering or
superconductivity is found down to 1.3 K in SrCo2As2 [15]. This is different from the 122
AFe2As2 compounds, as they show a transition from high temperature paramagnetic, tetrag-
onal phase to stripe-type AFM ordered orthorhombic phase. Additionally, this is different
from CaCo1.86As2 as CaCo1.86As2 is in the cT phase for all temperatures and below T N it
shows A-type AFM order.
Even though no magnetic ordering is found in SrCo2As2 down to 1.3 K, LDA (Local
Density Approximation) calculations indicate that there is a competition between different
magnetic ground states, as explained in Ref. [15], among FM or A-type magnetic order and
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the stripe-type AFM ordering in SrCo2As2 at low temperature [15, 91]. The heat capacity
and Nuclear Magnetic Resonance (NMR) measurements infer the possibility of having FM
spin correlations. Enhanced magnetic susceptibility, that has been described by Stoner crite-
rion, predicts the presence of FM ordering [15]. However, the broad maximum in magnetiza-
tion versus temperature measurements predicts short-range AFM spin correlations and this
agrees with the recent inelastic neutron scattering (INS) measurements at T = 5 K [15]. Sur-
prisingly, the observed spin fluctuations are peaked at a stripe-type magnetic ordering wave
vector, τ st = (
1
2
1
2
L) r.l.u. with L = odd which is similar to Fe based 122 high-temperature
superconductors [18]. However, metallic SrCo2As2 shows a complex Fermi surface which does
not have clear nested electron-hole pockets as observed in the Fe based 122 system. Note
that superconductivity is not observed in SrCo2As2, which implies that the stripe-type spin
fluctuations are not the only requirement for high-temperature superconductivity.
Moreover, based on energy calculations for SrCo2As2, a strong peak in the DOS related
to a wide flat band from Co dx2−y2 orbitals occurs near the Fermi energy. This implies that
the system is already somewhat unstable [15]. If one applies pressure, this peak may split
to lower the total energy via a magnetic or structural transition. In the chemical picture,
the system may distort to compromise a stable lower energy state by strengthening some
bonds and weakening some other bonds [42]. As explained in Ref. [42], lowering the DOS at
the Fermi energy may be achieved by maximizing some bonds. For 15 % volume reduced
SrCo2As2, calculations show that A-type or FM ordering can be present, since these phases
have considerably lower energy as compared to the other two types of ordering. This will be
further explained in Chapter 4.
Therefore, the additional details and measurements also motivate further examining of
SrCo2As2 in two ways. First, more studies are needed to establish whether a cT phase exists
under pressure. Second, to check for possible magnetic states in the proposed cT phase and
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look for superconductivity. Detailed information about these two possible paths, techniques,
experiments and observations are described in Chapters 4 and 5.
2.6.2 CaCo1.86As2 to CaFe2As2: the Ca(Co1−xFex)2As2 series
Figure 2.9: Comparison of CaFe2As2 and CaCo1.86As2 lattice structures and the evolution
of the crystal structure and the magnetic structure with the temperature and the pressure.
The brown solid lines highlight the As-As bonding between As atoms when the structure is
in the collapsed phase. The diagrams were created with vesta [43].
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Doping studies on the AFe2As2 parent compound and some examples with interesting
observations are explained in the section 2.4, but there can be other fascinating science yet
to be discovered in this field. In this thesis, another doping study on Ca(Co1−xFex)2As2 will
be addressed. As discussed previously, the cT phase of CaFe2As2 is observed via applying
mechanical pressure and the related phase diagram is shown in Fig. 2.8 (a). Figure 2.7 (a)
suggests that the cT phase of CaM2As2 may occur in between Fe and Co via chemical doping.
It is amazing that doping CaFe2As2 with Rh, where Rh has a similar number of electrons
in the outer shell as Co induces the cT phase. The resultant phase diagram of CaFe2As2
with applied pressure (Fig. 2.8 (a)) is similar to the phase diagram of CaFe2As2 with Rh-
doping (Fig. 2.8 (b)). The formation of As−As bonding in the cT phase tends to suppress
magnetism in both cases, and for Rh-doping, superconductivity is observed over a narrow
region. These results demonstrate similar behavior by either applying mechanical pressure
or chemical pressure to CaFe2As2.
Moreover, the discrepancy between the chemical and the magnetic structures of the end
members CaFe2As2 and CaCo1.86As2 raises questions about the structure of the intermediate
doping compositions. Hence, it is interesting to understand the evolution of the tetragonal
crystallographic structure of CaFe2As2 to the cT structure of CaCo1.86As2 and the evolution
of the low-temperature stripe-type AFM order in the CaFe2As2 to the A-type AFM order in
the CaCo1.86As2 (Figs. 2.9). In the Fe-rich region of the phase diagram, it has been shown
that Sn flux grown Ca(Fe1−xCox)2As2 crystals demonstrate that the Co doping of x = 5.4
- 7.5% [35, 34] of the Fe site suppresses the tetragonal to orthorhombic transition and low
temperature stripe-type AFM order. Superconductivity is observed for Co substitution,
starting from 3.1 - 5 % to 9 - 20 %[34, 35]. The above variations in the values of Co
substitution for the various phase transitions are likely due to the crystal growth technique
and the strain induced in each growth procedure. Even though the Fe-rich region studies
have been carried out to clarify the evolution of the crystal and magnetic structure, Co-rich
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region studies are yet to be performed to understand the emergence of the cT structure and
the A-type AFM ordering phase with Co doping. The emergence of the cT phase in CaM2As2
is proposed to occur somewhere in between M = Fe and Co as shown in Fig. 2.7 [85, 32].
In summary, it is interesting to study the evolution of the emergence of the cT phase and
follow the magnetic character with respect to doping, especially in the Co-rich region, due
to the following reasons:
1. In previous studies the emergence of the cT phase in Ca(Fe1−xCox)2As2, in the Fe-rich
region has not been reported [35, 34].
2. The pressure studies on CaFe2As2 reveal the interesting phase diagram and the emer-
gence of the cT phase.
3. The interesting Rh doped CaFe2As2 phase diagram, Fig. 2.8 (b), encourages similar
studies because Co has a similar valence as Rh.
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CHAPTER 3. THEORETICAL AND EXPERIMENTAL
BACKGROUND
3.1 Crystal structure
In condensed matter physics, atomic arrangements and electron distributions in a ma-
terial play a major role on deciding its basic characteristics. An ideal crystal is an infinite
three-dimensional periodic array as it forms from repeating building blocks with atoms or a
group of atoms. The structure of a crystal can be explained by using a lattice with a group
of atoms called basis, which is attached at every lattice point. A general lattice structure
of a periodic crystal can be described by its unit cell vectors a, b, c and α, β, γ angles in
between b and c, c and a, a and b respectively. A general lattice vector, in real space l , can
be shown as below and the li’s are integers.
l = l1a + l2b + l3c (3.1)
The volume of this unit cell can be written as,
v = a· (b× c) (3.2)
A group of parallel or equidistant planes in a crystal lattice (the direct lattice) is identified
by Miller indices. The planes with Miller indices (h, k , l) intercept the three axes a, b, c
with ratios of a/h : b/k : c/l .
A periodic structure of atoms in a crystal can be related to imaginary lattice points in
a reciprocal space and the reciprocal lattice unit vectors are described by the vectors a∗, b∗
and c∗.
a∗ =
2pi(b× c)
v
, b∗ =
2pi(c× a)
v
, c∗ =
2pi(a× b)
v
(3.3)
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The volume of the reciprocal unit cell can be written as,
v∗ = a∗ · (b∗ × c∗) = (2pi)
3
v
(3.4)
Each point in the reciprocal lattice space corresponds to parallel (h, k , l) lattice planes
in the real space as shown in Fig. 3.1. The reciprocal lattice vector is normal to the family
of the (h, k , l) planes in the direct lattice.
The corresponding reciprocal lattice vector is defined as
τ = ha∗ + kb∗ + lc∗ (3.5)
For an orthogonal (cubic, tetragonal, orthorhombic) lattice with α = β = γ = 90 ◦, the
magnitude of τ = |τ | = 2pi√h2/a2 + k2/b2 + l2/c2 is defined as 2pi / dhkl where dhkl is the
inter-planar spacing of the (h, k , l) planes.
1
d2hkl
=
h2
a2
+
k2
b2
+
l2
c2
(3.6)
Figure 3.1: The figure (a) shows some crystallographic planes and Miller indices for a tetrag-
onal structure (lattice parameters a = b 6= c). (b) Each plane displayed in (a) is denoted as
a point in the (H 0 L) reciprocal space.
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The experiments described in chapters 3, 4 and 5 are mainly done using the x-ray and
neutron scattering techniques. Therefore, the related theoretical and experimental back-
ground, details of two probing sources as well as instruments and devices will be discussed
in the following sections.
3.2 Probing with x-rays and neutrons
3.2.1 Properties of X-ray and neutrons
X-rays and neutrons have been used in basic science to explore and understand systems at
the atomic that surround us level with an aim to improve and develop energy, transportation,
and medical technologies. Neutron and x-ray scattering are powerful techniques to probe
atomic scale properties, mainly because wavelengths can be tuned into the range of atomic
distances in solids (order of Angstro¨m). X-rays are electro-magnetic waves whose time-
varying electric and magnetic fields interact with the spacial distribution of the electrons
around the nucleus. Hence x-rays are attenuated by the matter and can only penetrate several
micrometers. In contrast, neutrons interact with the nucleus by strong nuclear force but act
only over a short distance, so weak scattering takes place and results in deep penetration.
Neutrons can penetrate up to centimeter lengths for specimens. The scattering factor or
the strength of scattering for x-rays gradually increase with the atomic number where the
neutron has a random distribution with respect to the atomic number. (Scattering factor will
be defined in the next section.) This differentiates the two sources where lighter elements can
hardly be observed by x-rays and for neutrons, it is not a problem. In addition, a neutron
has a magnetic moment, µn = -1.913 µN (nuclear magneton µN = e}/2mp, where mp is
the rest mass of a proton and the negative sign implies that neutrons magnetic moment is
opposite to its spin angular momentum), hence it also interacts with a magnetic field from
the unpaired electron spins in the sample via the magnetic dipole-dipole interaction.
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The wavelength λ for any particle is determined by the de Broglie equation (eq. (3.7)).
The constant h is the Planck′s constant and p is the momentum. Therefore, the wavelength
for x-rays (massless particles), can be written as eq. (3.8) and the wavelength for neutrons
(massive particles) can be written as eq. (3.10) in terms of energy.
λ =
h
p
(3.7)
E =
hc
λ
⇒ λ = hc
E
(x-rays) (3.8)
Hence,
λ[A˚] =
12398.4193
E[eV]
(3.9)
E =
p2
2m
⇒ λ = h√
2mE
(neutrons) (3.10)
Hence,
λ[A˚] =
9.044√
E[meV]
(3.11)
The comparison of the wavelength versus particle energy for x-ray photons and neutrons
is displayed in Fig. 3.2 and note that for the same wavelength λ range (comparable to the
interatomic lengths), x-rays and neutrons have two different energy scales. This distinction
supports for neutrons to study excitations (order of meV, thermal energy) in condensed mat-
ter, whereas x-rays probe electronic excitations of order keV. Comparisons of fundamental
properties and variables of x-ray and neutrons are given in Table 3.2 for reference. (The
scattering angle 2θ, will be discussed in the following section.)
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Figure 3.2: The wavelength vs particle energy for x-ray photons (black) and neutrons
(brown). The energy axis is in units of 1 keV for x-ray photons and 0.01 eV for neutrons.
This figure is adapted from the figure by [92].
Table 3.1: Comparison of major properties of x-ray and neutrons appropriate for the study
of condensed matter systems.
Properties X-rays Neutrons
Wavelength, λ ∼ 0.1 - 15 A˚ ∼ 0.4 - 10 A˚
Energy, E ∼ 0.8 - 100 keV ∼ 0.001 - 0.5 eV
Penetration depth ∼ µm ∼ cm
Characterizes surfaces and small crys-
tals
bulk samples
Scattered by electrons (falls off with
sinθ
λ
)
nucleus (independent of sinθ
λ
) and
interacts with magnetic moments
(falls off with sinθ
λ
)
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Table 3.2: Comparison of major properties of x-ray and neutrons appropriate for the study
of condensed matter systems.
Properties X-rays Neutrons
Wavelength, λ ∼ 0.1 - 15 A˚ ∼ 0.4 - 10 A˚
Energy, E ∼ 0.8 - 100 keV ∼ 0.001 - 0.5
eV
Penetration ∼ µm ∼ cm
Scattered by electrons nucleus and
interacts with
magnetic
moments
3.2.2 X-ray and neutron scattering
The geometry of a scattering experiment is shown in Fig. 3.3. The incident wave and the
outgoing wave are represented by k i and k f. The subscript i stands for initial and subscript
f stands for final state. The 2θ is the angle between the incoming and outgoing waves. The
momentum transfer, }Q , and energy transfer, E can be written as,
}k f − }k i = }Q ⇒ k f − k i = Q (3.12)
E = }ckf − }cki (for x-rays) (3.13)
E =
}2k2f
2mn
− }
2k2i
2mn
(for neutrons) (3.14)
The mn is the rest mass of a neutron.
In an elastic scattering process, where there is no energy exchange between theincoming
neutron and the sample taking place, the modulus of the wave vector k and wavelength λ
will be the same upon scattering. Hence, |k i| = |k f| = k = 2piλ . In an inelastic scattering
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process, where there is a gain or a loss in energy, the magnitude of the two wave vectors will
no longer be the same. Hence, |k i| = 2piλi 6= |k f| = 2piλf .
Figure 3.3: Figure of the scattering geometry. The angle subtended by the detector is denoted
as dΩ. Initial and final wave vector, and the angle in between incoming and outgoing beams,
are denoted as k i, k f and 2θ respectively. φ is the angle between the scattering plane and x .
The important quantity measured in a scattering process after interacting with the sample
is a fraction of the incident beam or particles scattered along a particular direction in a
selected area. Specifically, the wave-particle scattering rate along final wave vector k f into a
solid angle dΩ with a final energy between dE will be measured in a scattering experiment
and this rate is given by the product of incident flux, Φ (eq. (3.15)) and the partial differential
scattering cross-section d
2σ
dΩdE
. The useful equations related to cross-section are shown in
equations (3.15) - (3.18).
incident flux, Φ = number of incident neutrons per cm2 per second (3.15)
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σ =
number of neutrons scattered in all directions per second
Φ
(3.16)
dσ
dΩ
=
number of neutrons scattered per second into a solid angle dΩ
Φ dΩ
(3.17)
d2σ
dΩdE
=
number of neutrons scattered per second into a solid angle dΩ and energy dE
Φ dΩ dE
(3.18)
The scattered wave is spherically symmetric when the wavelength is smaller than the
scattered object. General wave functions for the incoming and outgoing waves can be written
as,
ψin = ψ0e
ikz and ψout =
ψ0 f(λ, θ) e
ikr
r
(3.19)
f(λ, θ) defines the chances that a particle of a given wavelength (λ) is deflected in a
particular direction and quantifies the efficiency of scattering or the strength of scattering at
an angle (2θ). For neutron nuclear scattering, this function is a constant called the scattering
length, b, for all thermal wavelengths and scattering angles. Exceptions observed for some
nuclei are gadolinium, cadmium, boron etc., because absorption or resonance appear in
the vicinity of interested wavelength range. The magnetic scattering length of an atom is
comparable to the nuclear scattering length for neutrons (This will be further discussed in a
later paragrapgh). The f(λ, θ) is different for x-rays compared to neutrons. X-rays interact
with orbital electrons hence f(λ, θ) is proportional to the number of electrons or the atomic
number Z. Therefore, the scattering factor at θ = 0◦ is equal to the number of electrons
around the atom. When increasing the scattering angle, the difference between wave path
lengths will be greater, thus more destructive interference takes place and the scattering
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factor falls off with increasing scattering angle. Additionally, when the wavelength is smaller,
the phase difference and interference become larger. Therefore the final scattering factor
monotonically decreases with s = sin θ / λ. For x-rays, an approximation for the atomic
form factor function f(λ, θ) is given as below and corresponding ai , bi and number of terms
N can be found in the text of International Tables For Crystallography.
f (λ, θ) = Z − 41.78214× s2 ×
N∑
i=1
ai e
−bis2 (3.20)
The scattering does not occur only from a single nucleus, it scatters from an assembly of
atomic nuclei. The contribution from all atoms need to be taken into account to estimate
the total intensity and it can be computed by knowing the type of the atoms and their
relative positions in the unit cell. The scattering cross-section for nuclear diffraction can be
written as shown below [93], where N and V0 are the number and volume of the unit cells
respectively.
dσ
dΩ
= N
(2pi)3
V0
∑
τ
δ(Q − τ )|SN(Q)|2 (3.21)
SN(Q) =
∑
d
fd(λ, θ) e
iQ .d e−wd (3.22)
The nuclear structure factor SN sums out the resultant of scattering from all the atoms
in the unit cell. The amplitude of scattered intensity is determined by where the atoms
are on the periodic unit cell and it is expressed by the partial coordinates where d =
d1a + d2b + d3c. Additionally, the scattering amplitude is determined by what types of
atoms are on the atomic planes so fd(λ, θ) needs to be calculated for each individual atom
type. The temperature factor (or the Debye-Waller factor), which accounts for thermal
motions of atoms, is denoted by e−wd .
In order to fulfill the Bragg condition, constructive interference of scattering amplitudes
occurs from a particular set of (hkl) planes, corresponding to a wave vector transfer equal to
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a reciprocal lattice vector τ . As shown in Fig. 3.4, this satisfies the Bragg reflection condition
which is expressed in eq. (3.25).
k f − k i = Q = τ (3.23)
2k sinθ = τ ≡ 4pi sinθ
λ
= Q (3.24)
As |k i| = |k f| = k = 2piλ and |Q | = Q = 2pid , it can be rewritten as shown below.
2d sinθ = nλ (3.25)
Figure 3.4: (a) Representation of the conditions necessary for Bragg diffraction in real space.
The incoming and outgoing waves are shown in black arrows. Interspacing distance of lattice
planes is denoted by d and incident and diffracting angles with respect to the lattice plane
is θ. Bragg diffraction takes place when 2d sinθ is equal to multiples of wavelength λ. (b)
Representation of the conditions necessary for diffraction in reciprocal space. The (hkl)
reciprocal lattice points are denoted with brown dots. Initial and final wave vectors and
the scattering vector are shown as k i, k f, and Q . 2θ is the scattering angle and τ is the
reciprocal lattice vector. Diffraction occurs when the Q and τ vectors touch the Ewald
sphere surface (as shown in the figure) or when the scattering triangle is completed as seen
in the figure.
As discussed at the beginning of this chapter, neutron diffraction is a powerful tool to
probe magnetism in materials because neutrons are scattered by the magnetic moments of
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unpaired electrons. The related magnetic form factor for neutrons falls off more rapidly with
sin θ / λ than the x-ray atomic form factor as in magnetic scattering only the outermost
unpaired electrons are involved. An approximation for a magnetic form factor is given by
the equation below (eq. (3.26)). Corresponding spherical Bessel functions, j 0 (sin θ / λ),
j 2(sin θ / λ) and the related constants can be found in the text of International Tables For
Crystallography and g is the Lande´ splitting factor.
fM(λ, θ) =< j 0(λ, θ) > +(1− 2/g) < j 2(λ, θ) > (3.26)
Neutrons are able to determine the periodic magnetic structures by magnetic diffraction,
and in a similar way, periodic crystal structures are determined by the nuclear diffraction.
The elastic magnetic scattering cross-section then can be written as below [93].
dσ
dΩ
= NM
(2pi)3
VM
(
γr0g
2
)2
∑
τM
δ(Q − τM)|SM(Q)|2 (3.27)
SM(Q) =
∑
d
fMd(λ, θ) [Qˆ × (M × Qˆ)] eiQ .d e−wd (3.28)
In the magnetic structure factor SM(Q) eq. (3.28), the d = d1a+d2b+d3c, is the lattice
vector with the partial coordinates of magnetic atoms in the unit cell.
In magnetic scattering, additional important information must be taken into account
apart from the form factor as the relative orientation of the moments always decide whether
the magnetic scattering take place or not. Hence the magnetic interaction vector, M ⊥ is
introduced here and can be written as below.
M ⊥ = Qˆ × (M × Qˆ) = M − Qˆ(Qˆ .M ) (3.29)
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M is the magnetic moment vector and Qˆ is the unit vector in the direction of the
wave vector transfer. From the above equation, it is clear that only the component of M
perpendicular to Qˆ contributes to the magnetic scattering as demonstrated in Fig. 3.5.
Figure 3.5: Representation of the magnetic moment M and its perpendicular component
M ⊥, wave vector transfer Q , initial and final wave vector k i, k f and angle between the wave
vectors and the diffracting planes θ.
.
The material that is measured, can be a powder sample or a single crystal. The advantage
of powder diffraction is that the sample contains a larger number of tiny crystallites which
are randomly oriented. Hence, the Bragg condition can be satisfied with a fixed wavelength
and without any rotation of the sample. For a powder diffraction experiment, it is required
to pack a finely grounded sample with many randomly oriented crystallites in a sealed con-
tainer as useful information most easily can be obtained from a sample with proper powder
average. If the sample contains enough powder grains with randomly oriented crystallites,
the corresponding continuously distributed Debye ring is formed for a possible diffracted
angle 2θ, as shown in Fig. 3.4. If the sample crystallites sizes are big or crystallites are not
randomly distributed, smooth equally distributed diffraction pattern can not be achieved.
On the other hand, good quality single crystals are important for studies of intrinsic,
anisotropic properties of a material. Data collection can be time consuming compared to
powder diffraction. A fixed incident wave vector relative to the fixed crystal can produce a
very limited or even no peaks at all. In order to search all possible Bragg peaks experimen-
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tally, either the incident wave vector (the magnitude or the direction) or the orientation of
the crystal lattice with respect to the wave vector (varies the reciprocal lattice) need to be
relaxed. Depending on the experiment, different procedures were followed and this will be
discussed in the experimental details section. For a single crystal diffraction experiment, it
is required to choose a homogeneous, good quality crystal and examining the crystal under
a microscope gives a basic idea about the crystal quality. Observation of several reflecting
surfaces in a crystal or incoherently grown misoriented crystal parts indicate that the sample
might not be a single crystal. Before explaining the performed experiments and procedures,
next, the probing sources and the instruments will be briefly discussed.
3.2.3 X-ray sources and instruments
3.2.3.1 Advanced photon source - Argonne National Laboratory
In a lab x-ray source, electrons are generated by a filament and accelerated from a
negatively charged cathode to a positively charged anode by a high voltage. X-rays are
produced when the electrons collide the anode target. The synchrotron-based x-rays, which
are generated by circulating electrons, are more powerful compared to x-rays generated from
an in-house lab x-ray source. Intensity is several orders of magnitude stronger and it also
has a lower divergence compare to the x-rays from an x-ray tube. It has a complicated
technical generating procedure even though the crystallographers use only the front end of
the process. A cathode is heated up to 1100 ◦C to emit electrons. These electrons are
accelerated by a high voltage in a linear accelerator (linac). Then electrons are injected
into a booster ring, a racetrack-shaped ring, and reach nearly the speed of light. After that,
electrons are injected into a circular storage ring of 1104 m circumference. When the electrons
are deflected by a magnetic field created by magnets, electromagnetic radiation is produced.
There are two types of electromagnets. One is bending magnet which supports electrons to
keep acceleration constant and to move in a circular path. Another electromagnetic array
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system, which is called an insertion device, produce the high-brightness X-ray beams that
are valued by experimenters.
The following studies which will be explained in the next chapters were done in the
sector 6-ID-D, a high-energy station at the Advanced Photon Source (APS). A simplified
illustration of the beamline is shown in Fig. 3.6. The x-ray source is an undulator and can
be operated at a specific energy in the range of 50 - 130 keV. The energy is selected by a
Si(3 1 1) monochromator. The monochromator chooses the wavelength corresponding to the
Bragg’s Law for a particular d spacing. Ion chambers are mounted before the sample to get
the incoming photon count. Tuning apparatus are inserted in front of the sample to tune
the incoming beam characteristics, such as size and divergence as shown in the Fig. 3.6. As
an example, slits are used to define the beam size and to control the angular divergence.
Attenuators or filters (several adjustable absorbing metal plates) are inserted in order to
modulate the flux of the beam and tune the signal to noise ratio. Beam attenuation is
sometimes necessary to prevent the detector from damaging or burning by over saturation
from intense Bragg scattering peaks. The sample can be mounted on the sample stage of
the six circle diffractometer as shown in Fig. 3.7. It has two pairs of θ - 2θ circles for both
vertical (η - δ) and horizontal (µ - ν) geometries of scattering, sample rotation angle (φ),
and inclination angle (χ).
We used mainly two types of detectors, MAR345 image plate detector, and the Pixirad
area detector to obtain the output x-ray diffracted intensities and the spatial distribution.
MAR345 circular image plate detector has a phosphor flat screen. When an x-ray photon
is absorbed, the electrons of the phosphor material will excite which then can be release by
luminescence of a laser beam. The emitted photon then can be measured by a photomultiplier
tube. This emitted intensity is measured in terms of a number of photons with respect to each
pixel on the detector. Detector diameter is 345 mm but one can select either 180, 240, 300
or 345 mm. Resolution can be changed by choosing 150 × 150 or 100 × 100 µm2 pixel sizes,
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Figure 3.6: Schematic illustration of the 6-ID-D beamline at the APS.
.
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Figure 3.7: Schematic diagram of the six circle diffractometer at 6-ID-D station at APS. It
has two pairs of theta - 2theta circles for both vertical (η - δ) and horizontal (µ - ν) geometries
of scattering, sample rotation angle (φ), inclination angle (χ). This figure is adapted from
the figure by [94].
.
and depending on the diameter or the pixel size, the read out time may differ. The Pixirad
detector is a type of a CCD detector and it consists of a hexagonal pixel array with 60 µm
inter-pixel spacings. The sensor has a CdTe or GaAs or Si thin scintillator layer and when a
photon hits, it excites an electron-hole pair and pulls them away in opposite directions by an
electric field. Accumulated charges can be counted from integrated electronic circuits. The
PIN diode detector, which is used as a beam flux monitor, also generates electron-hole pairs
in silicon layers and causes an electric current from the incident radiation. Mar345 image
plate detector allows for the measurements of several reciprocal lattice planes in a single
measurement. It can record up to the maximum scattering angle 2θ given by the ratio of the
radius of the image plate and the distance between sample and detector, while the Pixirad
detector, which has a small detecting area, suits to measure one or very close diffraction
peaks at a time. The resolution is not much different on either Mar345 or pixirad, however
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the pixirad detector is faster in terms of data collection time, as Mar345 needs additional
time on data read out and erasing process.
3.2.4 Neutron sources and instruments
3.2.4.1 High flux isotope reactor
In the High flux isotope reactor (HFIR) at Oak Ridge National Laboratory (ORNL),
neutrons are produced by a fission reaction which is the most common source of neutrons.
The nuclear reactor consists of three major components as fuel, moderator, and shielding.
Highly enriched uranium-235 is used as the fuel at HFIR and after the fission reaction it
splits into two fission fragments and generates on average 2.5 fast neutrons with energies in
the MeV range. HFIR is light water cooled and moderated to T ∼ 350 K. The purpose of
the moderator is to reduce the neutron energy in the MeV range down to the thermal energy
range (Energy of ∼ 5 - 100 meV and wavelength of ∼ 4 - 1 A˚). This serves two purposes; (1)
the fission reaction can be sustained due to the higher cross section of U-235 for slow neutrons
and (2) to select the useful thermal energy neutrons for a scattering experiment. Around ∼
50 inches of a thick wall of high-density concrete is made to provide enough shielding so that
the fast neutrons and gamma radiation fluxes are reduced in the experimental beam hall.
Some neutron data presented in the following chapters are taken on the triple axis spec-
trometer HB1A at HFIR ORNL [95]. The name triple-axis is coming from the possible
rotating axes in the instrument. The available rotation axes are 1) monochromator rotation,
2) sample rotation, and 3) analyzer rotation. Diffraction from (0 0 2) planes from pyrolytic
graphite (preferably oriented in (0 0 l) planes and other (h k l) planes are randomly aligned)
crystal array is commonly used as the monochromator and the (0 0 2) reflection of pyrolytic
graphite crystal array is used as the analyzer. This defines the incoming and outgoing neu-
tron energies. It is important to have highly preferred orientation of the (0 0 l) planes, but
randomly align other (h k l) planes so that it gives powder peaks in the diffraction pat-
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tern [93] and also it prevents multiple scattering. Still, in this stage, there can be unwanted
fast neutrons and in order to scatter, slow down, and absorb them more shielding materials
are needed around the monochromator. This adds some bulkiness to the monochromator
which appears as a huge drum.
In order to improve the quality and the size of the incoming neutron beam apparatus
such as a collimator, filters, slits, vacuum flight tubes etc., are used. Collimators define the
divergence of the beam, typically reported in minutes or tens of minutes of arc. Collimators
are placed before the PG monochromator, between the monochromator and the sample,
the sample and the detector, and the detector and the analyzer respectively. A collimator
consists of parallel thin, flat metal blades, which are separated by an equal distance and
these metal blades are coated with high neutron absorbing materials, such as Gd or Cd and
the collimator plates are aligned parallel with the incoming or outgoing beam.
The wavelength and direction of the incoming beam are defined by a particular set of
crystal planes of the monochromator. If the incoming wavelength λ is diffracted from (h
k l) planes with dh,k,l planes spacing and if the (nh nk nl) planes with spacing dh,k,l/n
(dnh,nk,nl) are also allowed, a scattering of λ/n wavelength is also satisfied with the same
scattering angle. This higher order scattering from the monochromator produce extra peaks
in a diffraction pattern which may be misinterpreted. In neutron scattering, depending on
the desired wavelength range, filters are introduced to prevent the contamination related to
higher order energies. PG filter crystals work as band pass filters, so that only a narrow range
of wavelengths is transmitted through the crystal and higher order harmonics are attenuated.
As an example for the fixed energy 14.7 meV, which is the working energy for the HB1A
instrument, highly orientated PG crystal is an ideal filter as it has a maximum transmission
for λ but, very lower transmission for λ/2 and λ/3 wavelengths [93]. So two PG crystals are
mounted after the first and second monochromator as seen in Fig. 3.8. A sapphire filter is
also mounted before the first monochromator to remove high energy neutrons ( E > 100
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meV), where sapphire has a higher transmission in the thermal neutron region and it drops
to 3% for E > 500 meV [93].
Figure 3.8: Schematic diagram of HB1A instrument at HFIR, ORNL. (The figure is taken
from the official instrument website.)
.
One of the major devices in a neutron instrument is the detector, which is used to observe
the incident and scattered intensities. The weakness of interaction with matter becomes a
disadvantage when detecting neutrons. Thermal neutrons make negligible ionization and
can be detected only by the secondary ionization through nuclear reaction and subsequent
radioactive decay. The formation of a new nucleus may decay by emitting a gamma ray or
splitting into two charged nuclei. The basic neutron gas monitor, which is used at HB1A,
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HFIR is an ionization chamber. It has two metallic plates (electrode) and consists of an
isotope of helium gas, 3He, which is a neutron-absorbing gas. A proton and triton are
produced after combining with a neutron.
3He + n −→ 3H + p + 0.8 MeV
Along their pathway, they produce electron-ion pairs. With an applied external electric
field across the electrodes, positive and negative ions drift in the opposite directions. Accu-
mulated charges are collected and the total current is measured. This is the main concept
in ionization chambers which are used as low-efficiency beam monitors. However, the small
electric current signal in an ionization chamber created by a single neutron is very hard to
detect and it is disadvantageous for detectors which are used to measured the intensity of the
scattered beam. Therefore, a thin wire is inserted in a cylindrical tube with a higher external
electric field, which takes is the anode. The electrons which are produced by the ionization
will be attracted to the anode wire and further ionization occurs. Therefore, the signal is
amplified by the production of the secondary electrons. The efficiency of these detectors is
higher as the thickness of the detector parallel to the beam is higher compared to the beam
monitors.
3.2.4.2 Spallation neutron source
3.2.4.3 BL3, SNAP instrument at SNS, ORNL
In the spallation neutron source (SNS) at ORNL, spallation, releasing several nucleons
from the nucleus of a heavy atom, takes place using an accelerator based source of protons
to produce the neutrons. The facility consists of several components, a negatively charged
hydrogen ion source, linear particle accelerator (LINAC), proton accumulator ring, liquid
mercury target, moderators, and neutron detector instruments. A negatively charged hydro-
gen ion, or a hydrogen atom with two electrons, is produced by the ion source. The ions are
injected to the LINAC which focuses them into a beam and accelerates them to very high
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energies. The speed is roughly 90 % of the speed of the light and the energy is in the 1 GeV
range at the end of the LINAC. When the ion beam reaches the accumulating ring it passes
through a diamond foil which strips two electrons off from each ion and produces a proton
beam. The H− ion beam makes the injection process easier as it is oppositely charged com-
pared to the proton beam which is in the accumulator ring. The protons circulate around the
ring and successive pulses are accumulated into bunches. Each bunch is about a microsecond
short pulse and there are roughly ∼ 1014 protons in a pulse. These proton bunches collide
with a mercury target, sixty times per second and pulses of neutrons are generated. Twenty
to thirty neutrons are generated from each proton collision. Depending on the instrument,
characteristic beam energies can be tuned using ambient temperature water or liquid hydro-
gen moderators. Neutron guides are used to transport the neutrons to the sample. These
guides are coated with a material which has a large critical angle of reflection, and utilize
the mechanism of total internal reflection.
Spallation source instrumentation often use the method of time-of-flight to determine
the neutron wavelength. The neutron wavelength λ, is given by the de Broglie equation (eq.
(3.7)). Hence the equation (3.31) can be obtained. The h is the Plancks constant, mn and v
is the neutron mass and velocity, L is the total flight path distance (from the source to the
sample or sample to the detector), t is the time of flight of distance L. If the pulse starting
time (t1) is known and arrival time (t2) of distance L is measured, time of flight, t , can be
calculated from the difference (t2 - t1).
h
λ
= mnv = mn
L
t
(3.30)
λ =
ht
Lmn
(3.31)
From the Bragg condition (eq. (3.25)) ;
λ = 2d sinθ =
ht
Lmn
(3.32)
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d =
ht
2Lmn sinθ
(3.33)
Hence crystal lattice d spacings are proportional to t and can be calculated from h, L,mn
and corresponding t and sinθ.
The energy or the wavelength of the neutrons are directly related to the time of flight
of the neutrons. As the name ”time-of-flight” implies, in this technique, the kinetic energy
or the wavelength of a traveling neutron is determined by measuring the time it takes to
travel a fixed known distance. The obtained range of energies gives a distinct advantage
over the conventional method (monochromatic beam) as it provides the ability to collect
data simultaneously from different crystal planes of a sample. Extending the distance L
increases the range of arrival times and increases the energy or the wavelength resolution.
One of the experiments that I conducted for my thesis was carried out using the time of
flight technique at the BL-3 - Spallation Neutrons and Pressure Diffractometer (SNAP) at
SNS, ORNL. The SNAP beamline is a devoted high-pressure diffractometer, which provides
a high neutron flux. A schematic diagram of the instrument is illustrated in Fig. 3.9 (a).
The source to the sample distance is 15 m and the sample to the detector distance is 50 cm.
A T0 chopper is used to remove fast neutrons and pass neutrons with wavelength λ > 0.5
A˚. The T0 chopper is a thick rotating blade. Three bandwidth choppers are used to select
the ranges of incident wavelengths.
The disc like choppers have an arc-shaped area with different arc angles as shown in
Fig. 3.9 (a) and it is transparent to pass neutrons. The locations and phasing of the choppers
are chosen to avoid the frame (a band of wavelengths from a single pulse) overlap, so that
fast neutrons from the next pulse and slow neutrons from the previous pulse do not coincide
in the current pulse. A simplified illustration is shown in Fig. 3.9 (b). Depending on the
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Figure 3.9: (a) Schematic diagram of SNAP instrument at SNS, ORNL. The bandwidth
choppers are placed at 5.84, 8 and 11 m from the moderator. (The picture is taken from the
official instrument website.) (b) Time-of-flight diagram with the wavelength bands 0.5 - 4 A˚
(frame1) and 4 -7.5 A˚ (frame2) from each pulse.
.
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phase of the choppers with respect to the beginning of the pulse, two bands of wavelengths
(frames) are accessible in the SNAP instrument. The frame 1 consists of the 0.5 - 4.0 A˚
wavelength range, the frame 2 consists of the 4.0 - 7.5 A˚ wavelength range and frame 1 is
used during our experiment.
While the triple-axis spectrometer can examine one position at a time in momentum
space (Q), the SNAP instrument can measure a range of wavelengths simultaneously and
it is capable of examining a wide angular coverage by using two banks of area detectors.
These detectors contain the 10B isotope, which absorbs the incoming neutrons and create
charged particles that ionize the scintillating material. The generated light in the scintillating
material is then can be detected by photomultiplier tubes. These scintillator type detectors
can accumulate data as neutron events in position and time. To get better statistics, the
collected events from many frames and binned together according to their time of flight.
The vertical angular coverage is ± 22.5 ◦ and it has a 26 ◦ < 2θ < 138 ◦ horizontal angular
coverage.
3.3 Supportive specialized technique – diffraction under pressure
The importance and the necessity of conducting pressure studies on the SrCo2As2 com-
pounds is explained in Chapter 2. Here, an overview of the experimental technique for high
pressure measurements is explained. A pressure cell is a sealed vessel which can be used to
pressurize a sample inside. Pressure is defined as the applied force exerted on a unit area.
Hence, higher pressures can be obtained by increasing the force and/or decreasing the area.
Different types of pressure cells can be used depending on the experimental requirements,
limitations and availability. Each pressure cell may reach to some maximum pressure, which
is defined by several possible factors; e.g., the hardness and strength of the cell and related
components, sample volume etc. Regardless of the type of the pressure cell, they have com-
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mon major components, attributes and materials related to a pressure work. Those can be
listed as follows:
• Pressure cell body: the main outer structure of a pressure cell.
• Sample chamber: the inner sealed vessel where the sample and the pressure transmit-
ting medium can be loaded.
• Pressure transmitting medium: a compressible fluid medium that fills the sample vol-
ume chamber to transmit the applied force to the sample.
• The sample: the material which needs to be pressurized.
• Pressure calibration: the way of calculating the generated pressure inside the sample
chamber.
• Gasket: a piece of material plate with a circular hole in the middle which works as the
sample chamber for a diamond-anvil cell (DAC).
3.3.1 Pressure medium and pressure calibrant
The sample is immersed in a transmitting medium which displays ideal hydrostatic char-
acter throughout the full pressure and temperature region of interest to achieve reliable and
consistent results. Maintaining the hydrostaticity in low temperature measurements is really
crucial as non-hydrostaticity may produce variable strain throughout the sample and result
in distorted behaviors. However, it is not easily achievable, especially at lower temperatures
where the most liquid or gas media will be solidified and can introduce inhomogeneous pres-
sure effects. Additionally, the pressure medium should not react with the sample, pressure
calibrant, or the gasket. Some examples of the pressure transmitting media are silicon oil, 4:1
methanol and ethanol mixture, Fluorinert FC77 and helium. The gas pressure media such
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as He, N2, Ar are the most reliable media, as the solidification occurs at lower temperatures
and higher pressures.
The gas loading requires a special loading system, a gear box which is unique to the
pressure cell. For high-energyx-rays/ high-pressure experiments performed at APS, it can
be requested from sector 13. To obtain a good sealing and to avoid gas leakage, pressure
gas loading is done with an initial pressure of ∼0.5 GPa. 122 materials are very sensitive
to uniaxial stress or non-hydrostatic pressure distributions; therefore, gas loading is more
preferable. A good comparison of different pressure media in different temperatures is dis-
cussed in Refs. [100, 98, 97, 96, 99]. Figure 3.10 (a) shows the pressure dependence of relative
full-width-half-max (∆FWHM = FWHM (p) - FWHM (p = 0) of ruby pressure (calibrated
from Ruby fluorescence technique) for several pressure media at T ∼ 77 K [96]. Figure 3.10
(b) shows the pressure dependence standard deviation (σ) of the average change in ruby
pressure (calibrated from Ruby fluorescence technique) for several gas pressure media at T
∼ 300 K [97]. These ∆FWHM and σ are extremely sensitive to soldification and this crite-
rion is more reliable to indicate medium solidification and pressure gradient. Figure 3.11 (a)
shows the He solidification line [98] and Fig. 3.11 (b) shows the solidification of some pressure
media in different pressure-temperature conditions [99]. Among them, He show lower solid-
ification temperature for a given pressure, which supports to provide good hydrostaticity
inside the sample chamber. However, gas loading has hardware and technical difficulties
as it requires special loading system. Additionally, the sample size need to be small as He
experienced a higher shrinkage at high pressures and lower temperatures. The appropriate
pressure transmitting medium is chosen depending on the availability, gasket material, DAC
etc., and the pressure region of interest.
Two techniques are used for calibrating the pressure: the laser induced fluorescence
from ruby spheres and the x-ray diffraction method. At ambient temperature, pressure is
calculated using ruby fluorescence [101] and it is the most common material as the positions
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Figure 3.10: (a) The pressure dependence of relative full-width-half-max (∆FWHM =
FWHM (p) - FWHM (p = 0) of ruby pressure for several pressure media at T ∼ 77 K [96].
(b) The pressure dependence standard deviation, σ, of the average change in ruby pressure
for several gas pressure media at T ∼ 300 K [97]. The ruby pressure has been calibrated
from Ruby fluorescence technique)
.
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Figure 3.11: (a) The He solidification line [98]. (b) The solidification of some pressure media
in different pressure-temperature conditions [99].
.
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of these fluorescence lines are well known as a function of pressure. Ruby is chemically inert
and it has a high luminescence intensity and strong pressure dependent wavelength shifts.
It is also possible to determine the pressure by measuring a change in the lattice parameters
using diffraction, under compression. A good pressure calibrant typically has a high bulk
modulus, high chemical and structural stability in the pressure regime of interest, strong
x-ray interaction, no reactivity with the sample or the pressure medium, and no overlapping
or nearby powder x-ray diffraction lines with the sample or ruby. Gold or Pb are used in
these experiments and the pressure calibration is obtained using the materials’ bulk modulus
and its pressure derivatives at zero pressure [102].
3.3.2 Pressure cells
Two main types of pressure cells have been used in this work: Diamond anvil cells
and piston cylinder cells. The diamond anvil cell can reach higher pressures but it has a
smaller sample volume which varies with the cell and the diamond sizes. The piston cylinder
cell has a larger sample volume but cannot reach very high pressures ( pmax ∼ 1.2 GPa).
The following sections explain more details regarding those different pressure cells and the
experimental details.
3.3.2.1 Diamond anvil type pressure cells for high-energy x-ray studies,
preindenting gaskets and loading cells
A schematic diagram of a diamond anvil cell (DAC) is shown in Fig. 3.12. Diamonds are
used in DACs since diamond is one of the hardest materials on earth, transparent to visi-
ble light, penetrable to high-energy x-rays or neutrons possesses high thermal conductivity
and low thermal expansion, and is chemically inert. The higher thermal conductivity, the
lower thermal expansion, and the chemically inert property are additional reasons for using
diamond in pressure studies. Two diamonds serve as anvils and the opposing circular shape
66
flat diamond faces are called as culets. The diamond anvils are supported by tables called
”seats” made out of tungsten carbide. Two properly cut and polished diamonds are glued
on two tungsten carbide seats in such a way that culets of diamonds are placed face to face
after closing the cell as demonstrated in Fig. 3.12. Translational and tilt alignment of the
diamonds can be adjusted by two sets of associated screws. Another set of larger screws are
there to apply and lock the load.
Figure 3.12: The schematic diagram of the DAC. The AB gap is the distance in between
outer surfaces of the cell body.
.
Two types of DACs were used in high-pressure SrCo2As2 x-ray experiments. One is a gas
membrane driven three-pin bronze alloy DAC as shown in Fig. 3.13 (a)-(b) and the second
one is a gas membrane driven copper-beryllium DAC as shown in Fig. 3.13 (c). Depending on
the experiment and the anticipated pressure range, 500 µm (pmax ∼ 29 GPa) or 600 µm (pmax
∼ 20 GPa) size culet (diamond faces) diameter anvils were used. It is important to align the
two diamonds prior to an experiment in order to maintain a homogeneous force everywhere
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in the sample chamber and on the gasket. Two sets of screws are used to align the diamonds.
Two seats are aligned using rotational alignment screws while using a microscope to check
that culets are roughly parallel. Then by looking from the top, seats should be moved until
the two culets’ circumferences overlap each other using the adjustable translational alignment
screws of the horizontal stage. These two sets of screws should be patiently adjusted under
the microscope until they create an interference pattern with one to three Newton rings as
shown in Fig. 3.14. This confirms that the culets are positioned and aligned almost parallel
to each other. The key is to always keep the culets very clean and mirror-like, so that fringes
are clearly visible while aligning. The Q-tips and some ethanol or acetone come handy for
this frequent cleaning process. The optical image of the diamonds that are off translated
(left upper row) and tilted (left bottom row) are shown in Fig. 3.14. Diamonds are costly
and the main reason for broken diamonds is misalignment. So after replacing any diamond,
before preindenting (will be discussed in a later paragraph) or prior to loading a sample in
an experiment, the diamonds must be properly aligned.
Figure 3.13: (a) A picture of the parts of three-pin bronze alloy diamond anvil cell. (b)
Demonstration of the way of closing the bronze alloy DAC. (c) A picture of the copper-
beryllium alloy diamond anvil cell.
.
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After an high-pressure experiment, sometimes the Stycast, which is used to glue the
diamonds or gasket material, might stick on the surface of the diamonds. In that case,
cleaning or light scratching with a sandpaper is necessary. The cleanness of the cutlets,
seats, and the complete DAC is important while loading the cell with the required materials,
such as sample or pressure calibrants, eg. gold or silver foil. This is necessary to guarantee
that the intensities which are seen in a pressure experiment originate only from the sample
materials, not from any other junk or dirt.
Figure 3.14: The horizontal (upper row) and the tilt alignment (bottom row) of the diamond
anvils is shown at the left. The way it is visible from the microscope while solving the problem
using tilt screws, is shown at the right. [103]
.
A gasket with a hole can be placed in between the diamonds, which works as the sam-
ple chamber. A strong material such as rhenium, stainless steel, Cu-Be, molybdenum, or
tungsten may be used as the gasket material. These materials display higher yield strength
and ductile properties which help to survive deformations under high-pressure conditions.
By knowing that the diffraction line positions will change with respect to the pressure, it is
important to choose a gasket material which does not have several overlapping or close by
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diffraction lines with the sample. If the experiment is designed to find a magnetic signal,
it is important that the gasket material or any material related to the cell be non-magnetic
and non-superconducting.
A new gasket must be prepared prior to every high-pressure experiment and the gasket
must be preindented as shown in Fig. 3.15. In the preindentation process, a dent is created in
the center of a circular thin plate by pressing the culets while pressing the plate in between
culets. The material starts to become thinner and deforms by pushing the material radially
outward from its center so that the gasket distorts and takes the culets shape by cupping
the culets. The gasket is the sample chamber and a preindented gasket helps to seal the
sample volume. The efficiency of the pressure generation can be improved if the gasket is
sufficiently preindented. And the thinning of the gasket by preindenting will largely minimize
the thinning of the gasket when applying pressure during the real experiment.
In the geology field, preindent thickness is taken as about 1/6 of the culet diameter and
the gasket preindent thickness is taken as roughly about 1/3 to 1/4 of the hole diameter
as a standard. However, changes can be done intuitively, depending on the DAC, previous
experiment experience, desired pressure range, and the gasket material. As an example,
for 1000 µm culets preindentation is done even down to 80 - 70 µm and for 600 µm culets
preindentation is done even down to 60 - 50 µm. Before starting preindentation, it must
be ensured that the diamonds are aligned and cleaned. To preindent a gasket, a clean
circular shape plate from the desired gasket material should be fixed on top of one side of a
culet symmetrically, by using some clay balls. A scratch mark can be made on the gasket
with respect to a known mark on the DAC to identify the exact position and direction for
future reference. The piston and cylinder sides of the DAC may then slowly push inwards in
opposite direction, so that the gasket material will press in between the culets thoroughly.
Using a microscope, the screws with washers should be hand tight until the culets touch the
gasket. At this point it is necessary to measure the distance in between most outer surfaces
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(from A to B in fig. 3.12) of the DAC, hence we can estimate the distance and how much
to tighten the screws in order to achieve the desired preindented thickness of the gasket.
It is very important to tighten all screws gradually to ensure a uniform force. The gasket
should deform and start thinning uniformly around the preindenting cross-section. Always
tightening opposite screws using an Allen key and measuring the preindented distance is
helpful. There is roughly a 25 µm backlash when force is applied, hence preindenting a little
more than the desired thickness is needed. Always it is supportive to analyze the previous
experience of a particular DAC and a gasket material with the culet and hole dimensions
used.
Figure 3.15: (a) Side view of the preindented gasket. (b) Top view of the preindented gasket.
(c) A gasket after drilling a hole using a laser beam. (d) A picture of a zoom view of a clean
homogeneous drilled hole.
.
Figure 3.15 shows a preindented gasket (a) side view and (b) front view. A very sharp,
clean and homogeneous circular hole in the center of the preindented area will be drilled
using a laser drilling machine to get a clean circular hole with a desired diameter. A gasket
with a drilled hole is shown in Fig. 3.15 (c) and a zoom picture of the drilled and cleaned
gasket hole is shown in Fig. 3.15 (d). The edges of the hole may be cleaned using sharp
toothpicks and using a sandpaper. Then a gasket needs to be cleaned using a sonicator
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after immersing the gasket in ethanol or acetone. The gasket is then affixed to one diamond
using clay carefully in a way to coincide the centers of the hole of the gasket with the culet.
It is not always possible to place the gasket at the same position where the preindentation
takes place. If the gasket is placed very close to the previous preindented position, normally
the gasket will slide to the correct previous position while closing the DAC. Additionaly it
is important to keep in mind if a gas like He is used as the pressure medium because the
sample volume decreases about 40 % after the gas loading due to the gasket hole shrinkage.
Figure 3.16: (a) Picture of loading a cell using a thin needle. (b) Top view after loading
pressure calibrants, here it is gold powder and ruby spheres. (c) Top view after loading the
SrCo2As2 powder with a pressure medium and pressure calibrants.
.
Loading the cell is a very tricky work which needs patience and great controllability in
your hands, and some good practice. A very thin needle or sometimes a strand of hair can
be used to load samples. In addition to the sample, ruby spheres and another material are
loaded. Ruby spheres are used as the room temperature pressure calibrant, while the other
material is used as a pressure calibrant for other temperatures. The wavelength is obtained
using the ruby fluorescence from the laser optical system, and hence the inside pressure at the
room temperature can be estimated. A couple of ruby spheres are usually little off centered
on the culet (diameter ∼ 20− 30µm) so that they do not occupy much space in the sample
volume. However, we need to make sure to add enough ruby spheres either in the same
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place as a bunch or keep individual spheres in several places. Adding several pieces gives the
opportunity to get an average pressure. There is a rare chance of giving the wrong value for
the pressure from some bad ruby spheres and we can omit that particular reading intuitively.
Ruby spheres must be added on to the culet from the piston side as the fluoresence reading
can only be taken from that side at the gas loading station at APS.
Adding ruby is only helpful to take the reading at room temperature as there is no in-
situ laser fluorescence system connected at sector 6-ID-D, where we usually perform pressure
experiments. But since we have the ability to do diffraction at that beamline, we calibrate
the pressure by measuring the diffraction signal from a calibrant such as a silver foil or gold
powder. Again, as the diffraction line positions will change with respect to the pressure,
we have to check whether the sample and the pressure calibrant have several overlapping or
really close by powder lines and omit such materials. I usually cut silver pieces with sizes in
the range of 25 - 35 µm or stack gold powder in that range, so that the pressure calibrant does
not take much space from the sample chamber. Prior to using any new pressure calibrant
material, it is always better to check whether it gives a good x-ray powder line which has
homogeneous texture and not spotty from preferred orientation. The pressure calibrant and
the sample can be loaded on either the piston side or the cylinder side. However, I add
ruby on the piston side and hold the gasket on the cylinder side and then add the pressure
calibrant and the sample on to the cylinder side, which helps to do a clean loading.
When choosing a sample or a pressure calibrant, it is important that the thickness is
considerably less than the preindentation of the gasket in order to avoid the bridging when
pressurizing the DAC. High-pressure studies on single crystals are even trickier as the crystal
must have a specific orientation in the pressure cell that is chosen in advance. The crystal is
chosen or cut according to the desired orientation or diffraction plane. In my experience, it
is always easier to choose a single crystals with a particular dimension rather than cutting
a crystal to the size range of 100 - 120 µm. Cutting may add Bragg peak broadening due
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to bad edges. To get suitably small but good quality crystals for high-pressure studies, one
can do a growth in smaller crucibles. If it is from the vapor deposition technique, the time
of the growth can be reduced.
After loading the pressure calibrants and the sample, the cell must be carefully closed.
It is helpful to mark roughly the positions of all the materials and the orientation of the
crystals on the outside of the cell. These marks help to mount the DAC appropriately as
rotations or movements are limited at low temperatures during the experiment because of
the bulkiness of the DAC, capillaries and the heat shield. It is better to get an overall picture
of the total diffraction pattern before placing the cell under a load to ensure the materials
quality. Also to check whether the intensities of the pressure calibrant and the sample have
balanced proportions. If a gas pressure medium is used, it is always better to do the similar
steps prior to gas loading, which might save some time. If the crystals are bad, another
loading can start before pressurizing or cooling the setup.
Figure 3.17: (a) A picture of a loaded cell with a single crystal, a silver piece and some ruby
spheres before gas loading is shown. (b) A picture of the same setup, after gas loading and
after a high-pressure experiment.
.
The steps for loading a powder sample of SrCo2As2 are shown in Fig. 3.16. The gold
powder is clearly visible in Fig. 3.16 (c) even after the loading. In SrCo2As2 high-pressure
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experiments, we did the x-ray diffraction studies mainly on powdered single crystals. After
improving the pressure work in our group we are now capable of performing high-pressure
x-ray studies on single crystals too. An example of a good single crystal loading on a DAC
is shown in Fig. 3.17. The shrinkage is clearly shown after the experiment and the hole looks
almost circular and has shrunk homogeneously, which are signs for a good cell loading.
Figure 3.18: (a) The back view after mounting the cell and the clamp on the cold finger.
(b) Front view after mounting the cell and the clamp on the cold finger. The mounted
pressure line on to the membrane clearly appear here. (c) Zoom-out view of the setup with
the incoming x-ray beam.
.
For low temperature studies, the pressure cell needs to be mounted on the cold finger.
For experiments where DACs are used, the DAC is mounted with the axis of the DAC along
the incoming x-ray beam. An example is shown in Fig. 3.18. Membrane, knurled screw ring,
He pressure lines, vacuum shroud and Kapton heat shield can be mounted appropriately.
The room temperature measurements can be obtained to make sure whether the sample,
and calibrant give enough intensity and to choose a good position so that the gasket and
other unwanted materials do not give any intensity.
The pressure on the DAC should be increased carefully. We can open the valves of the
gas cylinders slowly by using the pressure controlling unit and applying pressure and data
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acquisition then can be started. In order to prevent unnecessary pressure build up, it is
always better to follow a pressure calibration plot (the membrane pressure vs. calculated
sample pressure) before increasing the load. Following the pressure calibrant line and the
sample line carefully is helpful to track the pressure dependent lattice parameters or pressure
dependent transitions.
3.3.2.2 Piston-cylinder type pressure cell and diamond anvil pressure cell
for neutron studies
A piston-cylinder type nickel-chromium-aluminum alloy cell as shown in Fig. 3.19 was
used for high-pressure single crystal neutron studies up to 1.1 GPa on the SNAP instrument
at SNS. This cell gives a considerably larger cell volume for a bigger sample compared to
DACs which are used for x-ray studies. A force is applied at the back end of the piston
and the piston compresses the pressure transmitting medium in the cylinder. The sample is
aligned in the desired orientation and mounted on an Aluminum holder in such a way that
both the sample and the holder can be placed inside the cylinder which is a teflon tube as
shown in Fig. 3.19 (b) and (d). Pb is used as the pressure calibrant and Fluorinert is used
as the pressure medium in the high-pressure neutron experiment.
Additional high-pressure single crystal neutron studies on SNAP were performed using
a DAC to reach higher pressures (∼ 9 GPa) compared to the first experiment. The cell
(Fig. 3.20) and the seats are made out of strong steel type alloy. Diamonds with larger culet
sizes (∼ 2 mm) were necessary to obtain a larger sample volume due to the low neutron
flux. The DAC set-up and the procedure of the cell loading are similar to the high-pressure
high-energy x-ray experiment. The differences are the culet size (∼ 2 mm) and the sample
volume. The culet diameter was 3 to 4 times larger for this experiment and single crystals
were used instead of the powder sample.
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Figure 3.19: Pictures of (a) nickel-chromium-aluminum alloy piston cylinder cell (b) The
way of inserting the Teflon tube (c) Pressing the piston to pressurize using the press (d)
Teflon tube and the cap with the dimensions (e) Schematic diagram of the nickel-chromium-
aluminum alloy cell are shown [104].
.
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Figure 3.20: (a) A picture of the DAC used for the time-of-flight single crystal neutron
diffraction experiments under high-pressure. (b) Side view of the DAC orientation inside
the CCR. The center of the DAC axis is parallel to the incoming neutron beam direction.
(c) SNAP instrument and the two banks of position sensitive area detectors at SNS, ORNL
is shown. (d) Top view of the DAC orientation inside the CCR is shown. The accessible
scattering aperture of ± 14 ◦ is shown in the horizontal scattering plane.
.
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Pb is used as the pressure calibrant. Alternatively, the evolution of the sample’s known
lattice parameters under pressure were followed to estimate the pressure [105]. The pressure
transmitting medium was 4:1 methanol and ethanol mixture. The instrument design and the
geometry of the anvils of the DAC limit the opening aperture. Hence the sample orientation
of the crystal was not that simple. Detailed descriptions of the experiments, procedures and
results will be discussed in the following chapters.
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CHAPTER 4. HIGH-PRESSURE X-RAY AND NEUTRON
DIFFRACTION STUDIES ON SrCo2As2
This chapter is based on the previously published article: W. T. Jayasekara, U. S. Kalu-
arachchi, B. G. Ueland, Abhishek Pandey, Y. B. Lee, V. Taufour, A. Sapkota, K. Kothapalli,
N. S. Sangeetha, G. Fabbris, L. S. I. Veiga, Yejun Feng, A. M. dos Santos, S. L. Budko, B. N.
Harmon, P. C. Canfield, D. C. Johnston, A. Kreyssig, and A. I. Goldman, “Pressure-induced
collapsed-tetragonal phase in SrCo2As2”, Phys. Rev. B, 92 224103 (2015) [105].
4.1 Introduction
The ThCr2Si2-type body-centered tetragonal crystal structure family is one of the most
heavily studied crystal structure type in condensed matter field. This 122 family acquires
overwhelming attention due to its richness of the correlations and competition between the
lattice, electronic, and magnetic degrees of freedom as explained in Chapter 1 and Chapter
2. The 122 compounds provide fertile ground for investigations of those interactions, and
their impact upon unconventional superconductivity [76, 3, 1, 87, 106, 107, 108]. At ambient
temperature, AFe2As2 compounds are in the system is in the paramagnetic tetragonal phase.
These compounds show the orthorhombic structure, below T S, and the stripe-type magnetic
ordering either with T N = T S or T N ≤ T S. Upon doping with other transition metals,
such as Co for Fe, AFM order is rapidly suppressed and superconductivity emerges in the
presence of substantial magnetic fluctuations at the stripe-type AFM propagation vector,
Qstripe = (
1
2
1
2
1). Further Co substitutions lead to a complete suppression of both stripe spin
fluctuations [88] and superconductivity [5]. These stripe-type magnetic fluctuations appear
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to be a key ingredient for SC in the AFe2As2 family in particular, and the iron arsenides
more generally [76, 3, 1, 87, 106, 107, 108].
Recent investigations of the end member ACo2As2 (A = Ca, Sr, Ba) family have revealed
interesting behavior which can provide new insight into the relationship between magnetism,
structure, and SC in the iron arsenides. At ambient pressure, CaCo1.86As2 crystallizes in
the collapsed tetragonal phase, which possesses the same tetragonal ThCr2Si2-type structure
(I4/mmm) as SrCo2As2, BaCo2As2, and the parent AFe2As2 compounds, but with a much
reduced c lattice parameter and unit cell volume. In the cT phase, CaCo1.86As2 manifests
A-type AFM ordering [ferromagnetic (FM) ab planes aligned antiferromagnetically along
the c axis] below TN = 53-77 K, [109, 90, 13, 14] with the ordered moments lying along
the c axis. This is a quite different behavior as compared to the closely related CaFe2As2
compound, which undergoes a first-order structural transition under applied pressure from
the ambient pressure T or orthorhombic structure (depending on the temperature) to a cT
phase [110, 25, 24, 111] in which the Fe magnetic moment is quenched [28, 112, 29].
Neither SrCo2As2 nor BaCo2As2 exhibit long-range magnetic order down to T = 1.3 K.
Instead, both display an enhanced magnetic susceptibility that has been described as Stoner-
enhanced paramagnetism close to a quantum instability [17, 15]. Nevertheless, our inelastic
neutron scattering measurements [18] on SrCo2As2 indicate that magnetic fluctuations oc-
cur at positions corresponding to Qstripe =
(
1
2
1
2
1
)
, which is the same propagation vector
that is found in the AFe2As2 parent compounds and superconductors. Although ARPES
measurements on both SrCo2As2 (Ref. [15]) and BaCo2As2 (Refs. [113, 114]) did not reveal
any obvious nesting features associated with Qstripe, as found for the AFe2As2 compounds,
density-functional theory calculations employing the local-density approximation have re-
vealed maxima in the generalized susceptibility consistent with possibilities for stripe-type,
A-type, or ferromagnetic ordering [18]. For the measured c
a
ratio of the lattice parameters in
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the T phase, calculations of the total energy suggest that the A-type AFM and FM ground
states are nearly degenerate, but only slightly preferred over stripe-type AFM order [18].
Many issues regarding the origin of the stripe-type magnetic fluctuations, and their re-
lationship to SC in the iron arsenides, remain unresolved. For example, it is not clear why
the stripe-type magnetic fluctuations in A(Fe1−xCox)2As2 systems are suppressed for inter-
mediate values of x, only to reappear as x → 1 for, at least, SrCo2As2 [18]. Whereas the
absence of SC in the nonmagnetic cT phase of CaFe2As2 suggests that stripe-type magnetic
fluctuations may be a necessary ingredient for SC in the iron arsenides, the absence of SC,
down to at least 1.8 K, in the presence of such fluctuations in SrCo2As2 argues that they are
not sufficient. With respect to SrCo2As2 itself, given the near degeneracy of the different
magnetic ground states from the total-energy calculations mentioned above, it is interesting
to consider which magnetic ground state, or perhaps even SC, ultimately triumphs as one
tunes the structure and magnetic interactions via either chemical substitution or applied
pressure.
Since chemical substitutions can introduce disorder, impurity scattering effects, and lo-
calized strain, we have chosen to study SrCo2As2 under applied pressure. High-energy x-ray
diffraction measurements of SrCo2As2 at applied pressures up to p = 29 GPa and neutron
diffraction measurements up to p = 1.1 GPa are explained in following sections. The results
are compared with electrical resistance measurements up to p = 5.9 GPa. Additionally,
using the structural information from the experimental study, spin-polarized total-energy
calculations were performed to show that the cT phase is the lowest energy structure for
the measured values of the volume change, ∆V , with a resulting c
a
ratio of 2.5 (experimen-
tally observed value). Furthermore, these calculations helps to predict possible magnetic
structures in the cT phase of SrCo2As2.
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4.2 Experimental details
The growth of single crystals and Energy-dispersive x-ray (EDX) analysis were carried
out by Dr. David C. Johnston’s research group at Iowa State university and Ames Labora-
tory. Single crystals of SrCo2As2 were grown from solution using Sn flux and as previously
described [15] and stored under inert gas. EDX analysis using a JEOL-JSM-5910LV scan-
ning electron microscope found no visible peaks associated with Sn incorporation into the
flux-grown sample and the EDX software provided an upper limit on the Sn content of 0.028
at.-%, consistent with previous findings [15].
Two sets of high-energy x-ray diffraction (HE-XRD) measurements were performed on
station 6-ID-D at the Advanced Photon Source. In the first experiment, data were collected
at T = 7 K, from ambient pressure up to 29 GPa with an incident x-ray wavelength λ =
0.24204 A˚. A three-pin bronze alloy diamond anvil cell (DAC) was used with either silicon
oil or a 4:1 mixture of methanol and ethanol as the pressure transmitting medium. In the
second experiment, temperature dependent measurements were performed between T = 7
and 300 K, for applied pressures ranging from p = 1.8 GPa to 20 GPa using an incident
x-ray wavelength λ = 0.12386 A˚. Copper-beryllium membrane-driven DACs were used and
helium gas was loaded at 1 GPa to act as the pressure transmitting medium [115]. In both
experiments finely powdered samples were produced by carefully crushing single crystals,
and then loaded into the DAC. Ruby spheres and gold powder were also loaded into the cells
for calibrating the applied pressure [101, 102]. The DAC was mounted on the cold finger of
a He closed-cycle refrigerator with a base temperature of 7 K. The x-ray powder diffraction
patterns were recorded using a MAR345 image plate detector positioned 874 mm and 1188
mm behind the sample in the first and second experiments, respectively. The resulting
patterns were azimuthally integrated and calibrated using Si powder and cerium dioxide as
standards. Data were collected in several runs in each experiment, with different loadings of
diamond anvil cells.
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Neutron diffraction measurements were performed using a 136 mg single crystal on
the SNAP instrument at SNS. The previous diffraction experiment was performed using
a monochromatic beam. Hence the wavelength or the energy is fixed and a powder sample
with randomly oriented crystallites is used to achieve the Bragg condition. For diffraction
measurements using time-of-flight neutron source in SNAP instrument at SNS, the sample is
irradiated by a pulsed beam with a range of wavelengths or range of incident energies. The
single crystal was cut, oriented, and loaded into a NiCrAl alloy piston-cylinder pressure cell
with the (H H L) reciprocal lattice plane coincident with the horizontal plane of the instru-
ment. Using Fluorinert as the pressure medium and Pb powder as the pressure calibrant,
we obtained a maximum pressure of p = 1.1 GPa.
The high-pressure electrical resistance measurements were carried out by Dr. Paul C.
Canfield’s research group at Iowa State university and Ames Laboratory. The electrical
resistance of SrCo2As2 was measured by the standard four-probe method in a Quantum
Design Inc., Physical Property Measurement System (PPMS) with the current applied in the
ab plane. Four Au wires (12.7µm diameter) were attached to the samples by spot welding.
A modified Bridgman cell [116] was used with a 1:1 mixture of n-pentane:iso-pentane as the
pressure medium. The solidification of this medium occurs in the range of p ∼ 6 - 7 GPa
at ambient temperature [117, 61]. The pressure was determined by the superconducting
transition temperature of Pb, [118] measured by electrical resistance, and the solidification
temperature of the medium is visible as a small anomaly in the temperature derivative of
the resistivity of the sample [61].
4.3 Results and discussion
4.3.1 High-energy x-ray diffraction measurements under applied pressure
HE-XRD data were obtained from several runs using DAC configurations with different
diamond culet sizes and pressure media. Figure 4.1 shows background-subtracted data in the
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Figure 4.1: Evolution of the (0 0 2) HE-XRD powder Bragg peak as a function of applied
pressure. The data at each pressure are offset by 0.5 × 10−5 counts per monitor in the y-axis
scale. The solid lines are fits to the data using Gaussian lineshapes.
vicinity of the (0 0 2) Bragg peak of SrCo2As2 taken at T = 7 K using a DAC with a 500 µm
diameter culet, a 90 µm thick pre-indented rhenium gasket with a 250 µm diameter hole, and
a 4:1 mixture of methanol and ethanol as the pressure medium. Upon increasing pressure at
T = 7 K, Fig. 4.1 shows that the (0 0 2) Bragg peak broadens and moves smoothly towards
higher Q, where Q = 2pi/dhkl, indicating a continuous decrease in the c-lattice parameter.
The peak broadening is likely due to non-hydrostatic pressure components present in the
frozen pressure medium at low temperature. For p & 6 GPa, a second well-separated peak
appears at a higher Q, signalling the onset of the transition to the cT phase. This peak
increases in intensity with increasing pressure as the lower-Q peak, characteristic of the T
phase, diminishes and disappears above ≈ 18 GPa. These data demonstrate that there is a
first-order phase transition between the T and cT phases with an extended pressure range
of coexistence between 6 and 18 GPa as the volume fraction of the T phase decreases and
the volume fraction of the cT phase increases. We note that the integrated intensity of the
cT-phase (0 0 2) Bragg peak is smaller than that for the T structure. This likely arises from
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Figure 4.2: Evolution of the unit cell dimensions with pressure. The detector counts are
color-coded on a log scale in units of 10−5 counts/monitor. (a) The c-lattice parameter
determined from the (0 0 2) HE-XRD powder Bragg peak (solid white circles) and the (0
0 8) neutron single crystal Bragg peak (solid white triangles). (b) The a-lattice parameter
determined from the (1 1 2) HE-XRD powder Bragg peak and the c-lattice parameter from
panel (a). The solid white lines in (a) and (b) are linear fits to the pressure dependence of
the lattice parameter. (c) The c
a
ratio determined from the data in panels (a) and (b). The
area of the circles represent the volume fractions of the T and cT phases and the background
color provides a guide to the eye.
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either a decrease in the amount of sample illuminated by the beam, or a change in the degree
of preferred orientation of the powder, as the pressure is increased.
The pressure evolution of the tetragonal unit cell dimensions at T = 7 K was derived
from fits to the (0 0 2) and (1 1 2) Bragg peaks and is summarized in Fig. 4.2. At ambient
pressure, the c-lattice parameter of the T phase is 11.79(1) A˚ and decreases to 11.38(1) A˚ at
p = 5.8 GPa, where the first indication of the transition to the cT phase occurs. There is a
region of coexistence between the T and cT phases up to approximately 18 GPa in which a
7.9(3)% reduction in the c-lattice parameter, a 2.1(3)% increase in the a-lattice parameter,
a 3.7(5)% reduction in the unit cell volume, and a 9.9(5)% decrease in the c
a
ratio occurs
between both phases.
The in-plane (a-axis), out-of-plane (c-axis) and volume compressibilities were calculated
from linear fits to the T and cT lattice parameters, excluding the region of coexistence, as
shown by the solid white lines in Figs. 4.2(a) and 4.2(b). The results are listed in Table 4.1.
The compressibility along the a-axis is the same for the T and cT phases, whereas along the
c-axis, the cT phase is significantly stiffer, which may be due to the formation of an As-As
bond in the cT phase [38, 22].
Table 4.1: The chemical compositions of the Ca(Co1−xFex)yAs2 samples as determined by
EDS or WDS. xnom is the nominal value for x expected from the synthesis procedure.
structure - 1
a
∆a
∆p
(GPa)−1 -1
c
∆c
∆p
(GPa)−1 - 1
V
∆V
∆p
(GPa)−1
T 0.0011(3) 0.0057(5) 0.0078(10)
cT 0.0011(3) 0.0016(2) 0.0037(7)
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We now turn to the second set of x-ray measurements on SrCo2As2 which focussed on the
temperature dependence of the structural T - cT transition. Figure 4.3 shows the evolution
of the (0 0 2) Bragg peak taken at different temperatures on cooling. Measurements were
made using the membrane-driven Cu-Be DAC with a 600 µm diameter culet, a 50 µm thick
pre-indented rhenium gasket with a 200 µm diameter hole, and helium gas as the pressure
medium. Upon increasing the pressure at ambient temperature the cT phase appears at
p & 6.8 GPa, signaled by the presence of the higher-Q peak above 1.2 A˚−1. As shown in
Fig. 4.3, at p ' 9 GPa, both peaks remain in evidence and change only slightly as the
temperature is lowered to our base temperature of 7 K, indicating that the T - cT transition
p - T phase line is quite steep.
Figure 4.3: The evolution of the (0 0 2) HE-XRD powder Bragg peak as a function of
temperature at p = 9 GPa. The data at each temperature are offset by 0.5 counts per
monitor (arb. units) in the y-axis scale. The solid lines are fits to the data using Gaussian
lineshapes.
4.3.2 Neutron diffraction measurements under applied pressure
To check for the possibility of A-type or stripe-type magnetic ordering under applied
pressure up to p = 1.1 GPa, neutron diffraction measurements were performed using a
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136 mg single-crystal sample on the SNAP instrument at the Spallation Neutron Source
as described in Section II. Fits to the (0 0 8) nuclear Bragg peak were used to determine
the pressure dependence of the c-lattice parameter that is in good agreement with our x-ray
data over the limited range in pressure. No evidence of either A-type or stripe-type magnetic
Bragg scattering in the T phase was found down to T = 10 K and up to p = 1.1 GPa. Based
on the measured intensity of several nuclear Bragg peaks and the background measured in
the region of the expected magnetic peaks, we can place an upper limit of 0.4 µB/Co on
the ordered moment for either A-type or stripe-type magnetic order, close to the estimated
value of the moment for A-type AFM order in CaCo1.86As2 [109, 13, 14].
4.3.3 Electrical resistance measurements under applied pressure
The temperature-dependent resistance was measured on two samples under applied pres-
sures up to p = 5.9 GPa as shown in Fig. 4.4. The residual resistivity ratios (RRR) of the
two samples were 8.5 (sample 1) and 10.9 (sample 2), which are somewhat smaller than
the values previously measured (15.3), [15] and the T 2 behavior of the resistivity reported in
Ref. [15] was not observed for these samples [see the inset to Fig. 4.4(a)]. The origin of the
difference between the T 2 behavior observed in previous resistivity measurements and the
present data is not yet clear.
Unlike several other FeAs-based compounds, such as CaFe2As2 [110], SrFe2As2 and BaFe2As2 [119,
61], and KFe2As2 (Ref. [120]) or another CoAs-based compound, BaCo2As2 [121], we find
that the room temperature resistivity of SrCo2As2 increases with increasing pressure. Be-
tween approximately p = 2.0 GPa and 4.5 GPa we also observe a shallow upturn in the
resistivity below T = 5 K which prevents analysis of the pressure dependence of the tem-
perature coefficient of the resistivity. Of importance here, however, is the absence of SC
at all pressures measured for T ≥ 1.8 K, and the presence of an anomaly in the resistivity
below ≈ 100 K for p & 5.5 GPa. To examine this anomaly more closely, in Fig. 4.4(b) we
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plot the derivative of the resistivity as a function of temperature and the inset displays the
peak position in dρ/dT as a function of pressure. At ambient pressure, there is a broad,
cross-over-like, peak at ≈ 77 K that moves down to 40 K with increasing pressure up to ≈
4.7 GPa. Above ≈ 5.5 GPa, we find a distinct change in this feature that is likely related to
the onset of the T to cT transition. A sharp peak appears in dρ/dT and rapidly increases
in temperature as pressure is increased.
4.3.4 Spin-polarized total energy calculations
Theoretical studies based on total Energy Calculations were carried out by Dr. Bruce
N. Harmon’s research group at Iowa State university and Ames Laboratory. Using the re-
sults of our diffraction measurements, spin-polarized calculations of the total energy were
performed to determine (1) if the cT phase is found as the stable structural phase at the
experimentally determined volume reduction; and (2) how the preference for magnetic or-
dering is modified in the cT structure. The full potential linearized augmented plane wave
(FPLAPW) method [122] with a generalized gradient approximation functional (GGA), [123]
and employed 2.3, 2.0, 2.0 atomic unit muffin-tin radii for Sr, Co and As, respectively, with
RMT ∗ kmax = 8.0 was used. Calculations were iterated, with 2400 k points for the entire
Brillouin zone, to reach the total energy convergence criterion of 0.01 mRy/cell. The exper-
imentally determined unit cell dimensions were used, and the As positional coordinate z As
= 0.3588 (Ref. [15]) was held constant for all calculations.
Figure 4.5 shows the results for two different unit cell volumes corresponding to volume
changes of ∆V= 0% (T structure) and ∆V= −15% (cT structure for p ≈ 20 GPa). The total
energy calculations at ambient pressure are consistent with our previous calculations [18].
The total-energy calculations for ∆V= −15% show that the cT phase is the minimum
energy structure with a value of c
a
= 2.54, close to the experimentally observed value of 2.55
at p = 21 GPa.
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Figure 4.4: (a) Temperature dependence of the resistivity of SrCo2As2 up to p = 5.9 GPa
obtained using a modified Bridgman cell. The inset shows ρ(T ) vs. T 2 for T ≤ 40 K. (b) The
temperature derivative of the resistivity for several values of applied pressure. The sharp
features above 200 K correspond to the freezing of the pressure medium. The inset shows
the peak positions in dρ/dT as a function of pressure. The open and filled symbols in all
panels correspond to measurements on samples 1 and 2, respectively. For p ≥ 5.5 GPa, a
sharp feature in the resistivity appears and moves up in temperature as p increases.
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Figure 4.5: The energy difference between magnetic states from total energy calculations for
(a) the T phase (∆V= 0%) and (b) the cT phase (∆V = −15%). The measured values of c
a
at ambient pressure and above 20 GPa are indicated by the black arrows.
We also find that both the FM and A-type AFM order minimize the total energy and
are nearly degenerate, whereas the total energy for stripe-type magnetic order lies somewhat
above these values. We note that even in the T structure, magnetic order is predicted
by these calculations for the observed value of c
a
indicated by the arrows in Fig. 4.5. We
speculate that the near degeneracy in the magnetic ground state energies for the FM and
A-type AFM order introduces some degree of frustration, suppressing long-range magnetic
order at ambient pressure. Our calculations still evidence a near-degeneracy between FM and
A-type AFM order in the cT phase although, now, the stripe-type magnetic order lies higher
in energy than either of these alternatives. These results suggest that magnetic ordering in
the cT phase should be either A-type AFM or FM, despite the presence of strong stripe-type
magnetic fluctuations at ambient pressure [18].
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4.4 Summary
We have identified the onset of a pressure-induced cT phase for SrCo2As2 at p & 6 GPa
for T = 7 K. The transition between the T and cT phases appears to be first-order with an
extended region of phase coexistence. Beyond 18 GPa, only the cT phase is observed. Our x-
ray and resistivity data also indicate that the T - cT transition p - T phase line is quite steep.
Down to 1.8 K, our electrical resistance measurements find no evidence of superconductivity
up to our maximum pressure of 5.9 GPa but an anomalous change in dρ/dT , likely associated
with the T - cT transition, appears above p = 5.5 GPa. The peak position of this feature
rapidly increases in temperature with pressure. The compressibilities of the T and cT phases
along the a-axis are the same, within error, but differ strongly along the c-axis, as the cT
phase is more than a factor of three stiffer. Neutron diffraction measurements up to 1.1 GPa
failed to identify A-type or stripe-type magnetic order for applied pressures p ≤ 1.1 GPa
and temperatures T ≥ 10 K with an upper limit of 0.4 µB/Co. Our total-energy calculations
confirm that the cT phase, with a c
a
ratio of 2.54, is the stable structural phase at high
pressure and suggest that the magnetic ordering in the cT phase should be either A-type
AFM or FM. Further magnetic neutron diffraction measurements on single crystal samples at
higher pressures and x-ray magnetic circular dichroism measurements are planned to search
for possible magnetic order in the cT phase.
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CHAPTER 5. FURTHER HIGH-PRESSURE NEUTRON
DIFFRACTION STUDIES ON SrCo2As2 SINGLE CRYSTAL
USING A DIAMOND ANVIL-TYPE CELL
5.1 Introduction
The AFe2As2 (A = Ca, Sr, Ba), iron arsenide compounds are parent compounds of the
122 high-T c superconducting family. The interaction between the lattice, magnetic and elec-
tronic structure is closely correlated with the emergence of superconductivity [1, 3, 9, 87]. The
earlier studies found that the low-temperature phase is sensitive to doping (chemical pres-
sure) or external pressure (mechanical pressure). As an example, at ambient pressure, these
compounds show a transition from a high-temperature paramagnetic tetragonal phase to
a low-temperature stripe-type antiferromagnetically (AFM) ordered orthorhombic phase at
similar or close transition temperatures upon cooling. Upon doping other transition metals,
such as Co for Fe, the AFM ordering is gradually suppressed and superconductivity occurs
in the presence of stripe-type spin fluctuations [34, 35, 60]. Further Co substitutions lead
to a full suppression of both spin fluctuations and superconductivity [34, 35, 60]. Interest-
ingly, CaFe2As2, one of the members of the 122 family, reveals a pressure induced transition,
which goes from the orthorhombic or tetragonal structure to a pressure-induced nonmag-
netic collapsed-tetragonal structure depending on the working temperature [24, 25, 28, 29].
The tetragonal to collapsed-tetragonal transition displays a ∼ 9% reduction of the c lattice
parameter and a ∼ 5 % reduction of the cell volume [24, 25].
The ACo2As2 compounds are structurally and chemically analogous to iron arsenide 122
compounds. Surprisingly, the closely related CaCo1.86As2 compound was found to be in
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the collapsed tetragonal phase under ambient conditions [13, 14]. Furthermore, CaCo1.86As2
demonstrates A-type AFM ordering below its T N ∼ 52 K, where the Co moments are fer-
romagnetically aligned along the ab plane and antiferromagnetically aligned along the c
direction [13, 14]. In contrast, the SrCo2As2 compound is found to be in the tetragonal
structure and does not show any magnetic ordering down to T ∼ 1.3 K at ambient pres-
sure [15]. However, from inelastic neutron scattering measurements on single crystals, this
compound reveals the presence of stripe-type spin fluctuations at T ∼ 5 K [18], which may
indicate the instability towards stripe-type magnetic ordering.
Previous observations suggest that the pressure-induced T to cT phase transition sup-
presses the magnetic ordering and stripe-type fluctuations in CaFe2As2 [24, 25, 28, 29], but
at ambient pressure, the cT phase of CaCo1.86As2 is ordered magnetically [13, 14]. Thus, op-
posite magnetic behaviors on Fe1+ and Co1+ with the collapsed tetragonal phase is identified
as stated in reference [22]. Additionally, the SrCo2As2 compound has closer As−As bond-
ing distances to that distance of CaFe2As2 as shown in Fig. 2.7 (d). Comparable c lattice
parameters and c/a lattice parameter ratios are found for SrCo2As2 and CaFe2As2 [15, 22].
These observations encourage searching for magnetism on the cT phase of SrCo2As2.
It is known from high-pressure high-energy x-ray diffraction measurements that SrCo2As2
also possesses a pressure-induced cT phase with an onset of p ∼ 6 GPa at T ∼ 7 K, and
this T to cT transition is nearly temperature independent up to ambient temperature [105].
Hence, it is important to follow possible magnetic ordering in the cT phase of this system.
Moreover, total energy calculations reveal possible magnetically ordered states in this system
as discussed in Ref. [105]. According to this study, FM, A-type AFM, and stripe-type AFM
order should all be considered as possible magnetic ground states for the measured values of
c/a lattice parameter ratios above p ∼ 20 GPa.
At the time when pursuing the previous high-pressure neutron diffraction experiment, the
pressure induced T to cT transition and the onset pressure of the cT phase were unknown.
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The piston-cylinder type cell is reported to reach only up to ∼ 1.1 GPa. Any hint for the
cT phase or any magnetically ordered state [105] was not observed during that experiment.
As the onset pressure for the T to cT is p ∼ 6 GPa, now, it is understood that a pressure
cell, which can be reached for higher pressures (p > 6 GPa) is really needed to look for
magnetism in the cT phase. Therefore, neutron diffraction measurements were performed to
look for A-type or stripe-type magnetic ordering under applied pressure by using a diamond
anvil type pressure cell with a SrCo2As2 single crystal.
5.2 Experimental details
The high-pressure neutron diffraction experiment was performed on the SNAP instrument
at the Spallation Neutron Source. In order to reach higher pressures, a diamond anvil-type
pressure cell (Fig. 3.20) was used. The anvils’ culet diameter was 2 mm and this helped to
increase the sample volume. The neutron beam size at SNAP is ∼ 2-3 mm, which is much
larger than the gasket hole. A cone-shaped boron nitride tube is mounted which goes directly
to the backside of the DAC. So, this additional collimation and masking of the incident beam
ensure that the beam passes only through the gasket hole, and it dramatically reduces the
background. The final beam size, which was used for the experiment is 700 µm.
As this DAC provides a larger culet size and sample volume compared to the DAC which
was used for the high-pressure high-energy x-ray diffraction experiment, a SrCo2As2 single
crystal with a dimension of 570 µm x 544 µm x 74 µm was used. The set-up of the DAC,
the procedure of the cell preparation and the loading are similar to the high-energy high-
pressure x-ray diffraction experiment (discussed in the previous chapter). Before loading
the cell, the culets were cleaned and then aligned. A steel gasket preindented to ∼ 200 µm
thickness and a ∼ 1 mm diameter hole was drilled. The pressure transmitting medium was
4:1 methanol and ethanol mixture. Pb powder is pressed to form a pellet and it was used as
the pressure calibrant. However, the Pb powder neutron diffraction line was not observed
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in the experiment. The SrCo2As2 sample’s pressure evolution of the lattice parameters has
already been studied [105]. Therefore, as an alternative method, the pressure dependent
sample lattice parameters were followed to determine the pressure inside the cell. The
instrument design and the geometry of the anvils of the DAC limit the opening aperture.
Hence, the choice of crystal orientation to be placed inside the pressure cell was tricky.
The SNAP instrument is mainly a high-pressure diffractometer and the DAC was mounted
on the cold finger inside a specially fitted closed-cycle refrigerator to reach low temperatures
down to ∼ 10 to 20 K. The center of the DAC axis is parallel to the incoming neutron beam
direction as shown in Fig. 5.1 (a). It is impossible to rotate around the DAC axis or around
the perpendicular axes to the DAC, due to the hardware limitations inside the cryostat.
Outgoing neutrons are measured using two banks of position sensitive large area detectors
as shown in Figs. 3.20 (c) and (d). The detectors are capable of rotating around the sample
center with a scattering angle 2θ in the range of 45◦ to 125◦. However, the high-pressure
DAC experiments limit the detectors to be fixed at 90◦. Thus, the incident beam passes
only through the diamonds and the crystal, while the diffracted beam may pass through the
gasket and the diamonds. Hence, the background intensity of the outer body of the pressure
cell is greatly minimized. Due to all these reasons, the single crystal must be aligned very
precisely in a desired orientation inside the DAC. The SrCo2As2 single crystals are plate-like
crystals and the c∗ lattice vector is perpendicular to the plate surface. The largest sample
volume is only obtained when the crystal is placed with c∗ parallel to the incoming beam
direction. So, that defines the sample limitations. In order to detect a signal from expected
stripe-type magnetic ordering at τ st = (
1
2
1
2
L) with L = odd, the crystal is oriented in the
(HHL) scattering plane. The wavelength range of 0.5 - 4.0 A˚ time of flight neutrons were
used in this experiment.
The design of the DAC, anvil dimensions and seat height provide only a limited accessible
scattering aperture. As a consequence, it is found that the DAC only permits a ±14◦ opening
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Figure 5.1: Representation of the neutron scattering from a monochromatic beam. (a)
Top view of the DAC orientation inside the closed cycle refrigerator (CCR). The accessible
scattering aperture of ± 14◦ is shown in the horizontal scattering plane. (b) When the sample
can be rotated and the opening aperture angle is wider several lattice points (covered by light
blue area) will satisfy the Bragg condition. (c) When the sample is fixed and the opening
aperture angle is ∼ ± 14◦ (from 90◦ to the incoming beam direction), only few lattice points
(covered by a light blue area) will satisfy the Bragg condition. Q is the scattering vector
and τ is the reciprocal lattice vector. Initial and final wave vectors are denoted as k i, k f
with subscripts min or max. k i min or k f min and k i max or k f max magnitudes are defined by
the 2pi/λmax and 2pi/λmin respectively. The 2θ with subscripts min or max are possible limits
of the scattering angle defined by the detector coverage.
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angle in the horizontal scattering plane (Fig. 5.1 (c)). Therefore, as compared in Fig. 5.1 (b)
and (c) the opening aperture angle of ±14 ◦ limits the accessible lattice points. Therefore, the
SNAP instrument strictly limits reachable reciprocal lattice points, due to the restrictions
of the DAC movements and rotations inside the CCR, design of the DAC and the single
crystal orientation. Moreover, low intensity is predicted from the expected low moment, so
a powder diffraction experiment may not give enough intensity. With all above constraints,
it is found that the (116) lattice point is reachable if the crystal is rotated by ∼ 10◦ about
the incoming beam. If there is stripe type magnetic ordering under high-pressure and low-
temperature, (1
2
1
2
3), is a possible stripe-type magnetic peak, and should be also observed in
the same region in the detector bank.
5.3 Results and discussion
Neutron diffraction measurements were obtained for three sets of applied pressures in the
SNAP instrument at the Spallation Neutron Source as described in the previous section. A
SrCo2As2 (116) nuclear Bragg peak was observed. The corresponding d spacing is determined
by fitting the data to a Gaussian line shape at each applied pressure at room temperature
as shown in Fig. 5.2. A Pb powder line was not observed to calibrate the pressure inside the
DAC. Therefore, an alternative method was followed. The ambient temperature pressure
dependent SrCo2As2 lattice parameters are already known from the previous high-energy
high-pressure x-ray diffraction experiment. Those pressure dependent unit-cell dimensions
are shown in Fig. 5.3. Hence the pressure dependent (116) peak d spacing is calculated
as shown in black circles in Fig. 5.4. A linear fit, shown by the black solid line, allowed
to estimate unknown pressures for known d spacings which were obtained in this neutron
diffraction experiment. Those estimated new data points are denoted by the red circles in
Fig. 5.4.
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Figure 5.2: Evolution of the SrCo2As2 (116) peak with the applied pressure. The solid lines
are fits to the data using Gaussian line shapes.
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Figure 5.3: Evolution of the SrCo2As2 unit-cell dimensions with applied pressure at ambient
temperature. (a) The a-lattice parameter determined from the (002) HE-XRD powder Bragg
peak. (b) The c-lattice parameter determined from the (200) HE-XRD powder Bragg peak
from Ref. [105].
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Figure 5.4: Evolution of the SrCo2As2 (116) peak d spacing with the applied pressure. The
black circles are obtained from the previous high-pressure high-energy x-ray diffraction ex-
periment. The black solid line is a linear fit to the data. The linear fit is used to estimate the
unknown pressures for known d spacings which were obtained in the high-pressure neutron
diffraction experiment. Those estimated new data points are denoted by the red circles.
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According to the calculations, the measurements were taken for pressures p ∼ 0.4, 0.6
and 4.30 GPa. The diamonds were broken at the next applied pressure which was indicated
by the diamonds’ cracking sound. Moreover, the diamonds’ peak positions were displaced
from the previous position in the detector and the peaks became stronger. The sample peak
was no longer visible. Therefore, the maximum pressure obtained was p ∼ 4.3 GPa for this
experiment. Previous high-pressure high-energy x-ray diffraction measurements show that
the onset of the transition from the T to cT phase occurs at p ∼ 6 GPa for T ∼ 7 K [105].
Moreover, this T to cT transition is nearly temperature-independent from T ∼ 300 K down
to 7 K, which indicates a steep p-T phase line [105]. Consequently, we were unable to reach
to the collapsed tetragonal phase as this compound is still in the tetragonal phase for the
above measured pressure range.
Previous neutron diffraction measurements were obtained at T ∼ 10 K up to only a very
low pressure, p ∼ 1.1 GPa, and there was no evidence for any magnetic intensity with a
limit of 0.4 µB/Co [105]. The observable lower limit of the magnetic moment from a known
magnetic structure can be estimated as follow. The integrated intensities or the area under
an observed peak of nuclear and magnetic Bragg peaks can be written as below [from eqs.
(3.21), (3.22), (3.27), (3.28)];
IN ∝ |SN|2 (5.1)
IM ∝ M2|SM/M |2 (5.2)
IN
IM
=
|SN|2
M2|SM/M |2 (5.3)
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Moreover, the integrated intensity of a peak is proportional to the height of the peak, if
the peak width remains constant. Therefore, the ratio of the heights of nuclear and magnetic
peaks can be written as follows;
HN
HM
=
|SN|2
M2|SM/M |2 (5.4)
A height of a nuclear Bragg peak, HN, is obtained from the experimental data. So,
the height of the magnetic Bragg peak, HM, can be estimated using nuclear and magnetic
structure factors, assuming that the system has a moment of 1 µB/Co. To identify a magnetic
peak, a magnetic moment should be able to produce a peak height at least 3σ (σ is the
standard deviation of the average background height) above the average background. Hence
the limit of an observable magnetic moment can be estimated.
New room temperature neutron diffraction measurements cover an additional data point
of pressure, p ∼ 4.3 GPa. No evidence of stripe-type magnetic ordering is observed in the
tetragonal phase up to the limited range of pressures at room temperature. The total-
energy calculations indicate a stable cT phase with a c
a
lattice parameters ratio of 2.54
and a possibility of a magnetic phase with either A-type AFM or FM ordering [105] despite
the presence of stripe-type magnetic fluctuations at ambient pressure [18]. Additionally, an
opposite magnetic behavior has been observed on Fe1+ and Co1+ in the collapsed tetragonal
phase in 122 compounds [28, 29, 15, 14, 13]. The As-As bonding formation may favor the
appearance of magnetic ordering in Co compounds in the cT phase [22, 23]. Therefore, the
goal of this new high-pressure neutron diffraction experiment was to obtain measurements
for at least above p ∼ 8 - 10 GPa at the lowest possible temperature (T ∼ 10 K). Reaching
this pressure would have supported a search into any possible magnetism in the cT phase.
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5.4 Summary
The high-pressure neutron diffraction measurements were performed on SrCo2As2 single
crystals from ambient pressures to p ∼ 4.3 GPa at room temperature. It is understood
that the transition from T to cT phase appears above p ∼ 6 GPa for this SrCo2As2 com-
pound [105]. Therefore, the system was in the tetragonal phase for the measured pressure
range. No evidence for a magnetic intensity on SrCo2As2 in the p ∼ 0-4.3 GPa pressure
range is observed at room temperature.
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CHAPTER 6. NEUTRON AND X-RAY DIFFRACTION
STUDIES ON Ca(Co1−xFex)yAs2 SERIES
This chapter is based on the previously published article: W. T. Jayasekara, Abhishek
Pandey, A. Kreyssig, N. S. Sangeetha, A. Sapkota, K. Kothapalli, V. K. Anand, W. Tian, D.
Vaknin, D. C. Johnston, R. J. McQueeney, A. I. Goldman, and B. G. Ueland, “Suppression
of magnetic order in CaCo1.86As2 with Fe substitution: Magnetization, neutron diffraction,
and x-ray diffraction studies of Ca(Co1−xFex)yAs2”, Phys. Rev. B, 95 064425 (2017) [124].
6.1 Introduction
Certain compounds with the ThCr2Si2-type body-centered tetragonal structure are ideal
systems for studying the interplay between structural, electronic, and magnetic degrees of
freedom, and the occurrence of superconductivity [76, 87], as explained in Chapter 1 and
Chapter 2. The parent compounds of the 122-Fe-pnictide superconductors [AFe2As2 (A =
Ca, Sr, Ba)] are prominent examples, which, upon cooling, undergo coupled structural and
magnetic phase transitions from a paramagnetic tetragonal phase to an antiferromagnetic
(AFM) phase with collinear stripe-type magnetic order and an orthorhombic lattice [1, 2, 3].
The stripe-type AFM order is itinerant, with an ordered Fe moment of µ < 1 µB and an
AFM proapagation vector τ st = (
1
2
1
2
1), which angle-resolved photoemission spectroscopy
and band structure calculations show is consistent with nesting between hole- and electron-
type Fermi-surface pockets [76, 87, 1, 2, 3]. Studies on compounds in which Fe is substituted
by other transition metals, such as Co [4, 5], Ni [6], or Cu [7], show that the structural and
magnetic phase transitions become suppressed at high enough levels of doping, and that
superconductivity occurs over a limited range of doping.
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The parent 122-compound CaFe2As2 undergoes a first-order transition from its param-
agnetic tetragonal phase to its stripe-type AFM orthorhombic phase at a Ne´el temperature
of TN = 172.5 K [see Fig. 6.1(a)] [33]. Data for samples synthesized using Sn flux show that
5.4 to 7.5% Co substitution for Fe suppresses the magnetic and structural transitions, 3.1
to 5% Co substitution causes superconductivity to first occur, and 9 to 20% Co substitution
subsequently suppresses superconductivity [34, 35]. The variation in values for the level of
Co substitution necessary for the various phase transitions is likely due to uncertainty in the
exact amount of Co in the compounds [35], and the various amounts of strain induced by
different synthesis procedures [125, 126, 127].
Ca
Ca
Fe
CoAs
As
c
a
b
(a) (b)
Figure 6.1: (a) The stripe-type magnetic order present in CaFe2As2, and (b) the A-type
magnetic order present in CaCo1.86As2. Both compounds are shown with their ambient
temperature and pressure tetragonal chemical unit cells. The diagrams were created with
vesta. [43]
Under modest applied pressure (pc = 0.24 GPa at T = 50 K), CaFe2As2 undergoes a first-
order structural phase transition from its ambient-pressure tetragonal or orthorhombic phase
to a collapsed-tetragonal phase characterized by an 11% reduction in the ratio of its lattice
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parameters c/a, a 9.5% reduction in c, and a 5% decrease in its unit-cell volume Vcell [25, 24].
In addition, the transition quenches the Fe magnetic moment, and data show no evidence for
magnetic order or AFM spin fluctuations occurring in the cT phase [28, 29]. The quenching
of the Fe moment is understood in terms of the effective valence of Fe changing from Fe+2
to Fe+1 due to As-As bonds present in the cT phase [14, 13, 38, 128, 23, 22].
CaCo1.86As2 is the complementary version of CaFe2As2 in which Fe is replaced by Co.
The compound has the same tetragonal ThCr2Si2 structure as CaFe2As2, but exists away
from the ideal 122 stoichiometry due to a 7(1)% vacancy of the Co sites [13, 14]. The
ratio of its lattice parameters is c/a = 2.59 [129, 130], which is comparable to the value
for CaFe2As2 in the cT phase, [25] and indicates that CaCo1.86As2 exists in the cT phase
at ambient pressure [13, 14]. Data from neutron diffraction experiments on Sn-flux grown
single-crystal samples show that the compound has A-type collinear itinerant AFM order
below TN = 52(1) K with the ordered moments lying along the c axis [13]. On the other
hand, thermodynamic and resistance data for CoAs-flux grown samples indicate that the
AFM phase transition occurs at either TN = 76 K [109] or ≈ 70 K [90]. Figure 6.1(b) shows
the A-type AFM structure, which consists of Co spins ordered ferromagnetically (FM) within
the ab plane and aligned AFM along c. Magnetization results estimate that the size of the
ordered moment in Sn-flux grown samples is ≈ 0.3 µB/Co [14], which is consistent with
previous neutron diffraction results that place an upper limit of ≈ 0.6 µB/Co on the ordered
moment [13].
Based on the cT structure of CaCo1.86As2, and the presence of magnetic Co
+1, it is, per-
haps, not surprising that the compound has magnetic order at low temperature [14]. On the
other hand, both BaCo2As2 and SrCo2As2 have T structures at ambient pressure and do not
magnetically order down to at least T = 1.8 K. Rather, their magnetic susceptibilities have
been described as Stoner-enhanced paramagnetism lying proximate to a quantum-critical
point [17, 15], however, studies of K-doped BaCo2As2 do not support this scenario [131]. Ad-
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ditionally, inelastic neutron scattering data for SrCo2As2 show the presence of AFM spin
fluctuations peaked at wavevectors corresponding to the stripe-type AFM order present in
AFe2As2 (A = Ca, Sr, Ba) [18], and nuclear magnetic resonance experiments find that AFM
and FM spin correlations coexist in the compound [91]. Thus, it is prudent to study how the
lattice and magnetism change in CaCo1.86As2 as either Fe is substituted for Co, or Sr/Ba is
substituted for Ca.
6.2 Experimental details
The growth of single crystals and Energy-dispersive x-ray (EDX) analysis were carried out
by Dr. David C. Johnston’s research group at Iowa State University and Ames Laboratory.
Shiny plate-like single crystals of Ca(Co1−xFex)yAs2 (0 ≤ x ≤ 1, 1.86 ≤ y ≤ 2) were syn-
thesized by Sn-flux solution growth using Ca (99.98%), Co (99.998%), Fe (99.998%) and As
(99.99999%) from Alfa Aesar. Growth was initiated with stoichiometric Ca(Co1−xFex)2As2
(x = 0, 0.03, 0.04, 0.05, 0.06, 0.09, 0.18, 0.20, 0.26, 0.40, 0.60, 0.80, 1) and Sn in a 1 : 20
sample to flux molar ratio. Starting materials were placed in alumina crucibles and sealed in
quartz tubes under ≈ 1/3 atm of Ar. After prereaction at 650 ◦ C for 12 hours, the materials
were heated to 1050 ◦ C at a rate of 40 ◦ C/hour, held there for 20 hours, and then cooled to
700 ◦ C at −4 ◦ C/hour. Crystals were separated from the flux by decanting with a centrifuge
at 700 ◦ C. Some single crystals were powdered for in-house x-ray diffraction measurements,
and all of the samples were found to have the same body-centered tetragonal space group
(I4/mmm) as the x = 0 parent compound [13].
The magnetic susceptibility measurements were carried out by Dr. David C. Johnston’s
research group at Iowa State University and Ames Laboratory. The magnetization M was
measured down to T = 1.8 K and under applied magnetic fields of H = 0.1 to 3 T using a
Quantum Design, Inc., Magnetic Property Measurement System in order to screen for a mag-
netic transition and determine any ordering temperatures. Neutron diffraction experiments
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were subsequently carried out on selected samples using the HB-1A Fixed-Incident-Energy
Triple-Axis Spectrometer at the High Flux Isotope Reactor, Oak Ridge National Laboratory.
Measurements were made using a fixed incident neutron energy of E = 14.6 meV, and col-
limators with divergences of 40′-40′-40′-80′ were inserted before the pyrolytic graphite (PG)
(0 0 2) monochromator, between the monochromator and sample, between the sample and
PG (0 0 2) analyzer, and between the analyzer and detector, respectively. Two PG filters
were placed before the sample to suppress higher order harmonics present in the incident
beam. The samples were mounted with their (H H L) reciprocal-lattice planes coincident
with the scattering plane, and were cooled down using either a He closed-cycle or an orange-
type cryostat. The masses of the samples range from 50 to 100 mg. In this paper, momentum
transfers are expressed in reciprocal-lattice units.
High-energy x-ray diffraction (HE-XRD) experiments were performed at end station 6-
ID-D at the Advanced Photon Source, Argonne National Laboratory, using an x-ray energy of
E = 100.23 keV. Single-crystal samples were mounted on the cold finger of a He closed-cycle
cryostat and cooled down to T = 6 K, and He exchange gas was used to ensure thermal
equilibrium. The cryostat was mounted to the sample stage of a 6-circle diffractometer,
and either a MAR345 or a Pixirad-1 area detector was used to measure the diffracted x-
rays transmitted through the sample. The MAR345 image plate was positioned with its
center aligned to the incident beam and was determined to be set back from the sample
position by 2.832 m through measurement of a CeO2 standard from the National Institute
of Standards and Technology. In this configuration, the MAR345 recorded a diffraction
pattern spanning a scattering angle of |2θ| . 3.49◦. The detector was operated with a pixel
size of 100× 100 µm2, and diffraction patterns of the (H H L) reciprocal-lattice plane were
recorded using a 100 × 100 µm2 incident beam while tilting the sample along two rocking
angles. Detailed studies of the temperature dependencies of the (4 4 0) and (0 0 8) Bragg
reflections were recorded using the Pixirad-1. For these measurements, the sample was rocked
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around an axis perpendicular to the incoming beam. The detection element of the Pixirad-1
is comprised of a hexagonal array of pixels with a spacing of 60 µm, and the incoming beam
had a size of 100× 100 µm2.
6.3 Results
Table 6.1: The chemical compositions of the Ca(Co1−xFex)yAs2 samples as determined by
EDS or WDS. xnom is the nominal value for x expected from the synthesis procedure.
xnom x y
0.00 0.00 1.86(2)
0.03 0.043(2) 1.88(4)
0.04 0.057(2) 1.88(3)
0.06 0.068(2) 1.89(6)
0.05 0.091(8) 1.90(4)
0.09 0.104(4) 1.90(4)
0.18 0.19(4) 1.94(5)
0.26 0.25(2) 1.96(1)
0.20 0.35(2) 2.00(6)
0.40 0.48(2) 2.00(4)
0.60 0.67(2) 2.0(1)
0.80 0.89(2) 2.0(1)
1.00 1.00 2.00
6.3.1 Composition analysis
Previous x-ray diffraction, neutron diffraction, and wavelength-dispersive x-ray spec-
troscopy (WDS) results for Sn-flux grown single-crystal samples of CaCo2As2 show that
7(1)% of the Co sites are vacant, resulting in a stoichiometry of CaCo1.86(2)As2 [13]. To
determine the chemical compositions of Ca(Co1−xFex)yAs2 samples, we performed either
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energy-dispersive x-ray spectroscopy (EDS) or WDS measurements. Table 6.1 lists the re-
sults, and from here on we will refer to samples by their values for x.
6.3.2 Magnetic susceptibility
Figure 6.2(a) shows the magnetic susceptibility χ ≡ M
H
versus temperature for x = 0,
from measurements made in the basal plane (χab) and along c (χc). Figure 6.2(b) shows
plots of ∂(χabT )/∂T and ∂(χcT )/∂T . From these plots, we use Fisher’s method [132] and
determine that TN = 48(2) K for x = 0, which is slightly lower than the value of TN =
52(1) K determined from previous neutron diffraction data [13]. Note that TN may be readily
determined using either ∂(χabT )/∂T or ∂(χcT )/∂T .
Figure 6.3 shows χab(T ) for the x = 0, 0.043, 0.057, 0.068, 0.104, 0.19, 0.25, 0.35, 0.48,
and 0.67 single-crystal samples, and the insets show corresponding plots of ∂(χabT )/∂T
for samples which have an AFM transition. The red arrows in Figs. 6.3(a)–6.3(e) denote
the values of TN determined from ∂(χabT )/∂T using Fisher’s method, whereas the black
arrows indicate the the values determined from the neutron diffraction data presented below.
Figures 6.3(f)–6.3(j) reveal no features corresponding to a magnetic phase transition, but do
show an upturn in χ(T ) at low temperature. It is currently unclear if the upturn is due to
magnetic impurities or intrinsic, and future investigations of the upturn are warranted [30,
31]. Finally, none of the panels in Fig. 6.3 show signs of diamagnetic behavior indicative of
bulk superconductivity.
6.3.3 Neutron diffraction
Neutron diffraction measurements were performed on single-crystal samples with x = 0,
0.043, 0.068, 0.104, 0.19, and 0.25 in order to determine the microscopic details of any
magnetic order present at low temperature. For a crystal possessing the body-centered
tetragonal space group I4/mmm, and oriented with its (H H L) plane coincident with the
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Figure 6.2: (a) Temperature dependence of the magnetic susceptibility of the x = 0 sample
for magnetic fields H applied within the basal plane (χab) and along c (χc). These data also
appear in Ref.[14]. (b) The derivatives with respect to temperature of the products χabT
and χcT . The dashed line indicates the value of TN determined from the plots, as described
in the text.
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Figure 6.3: The magnetic susceptibilities versus temperature of the x = 0 (a), 0.043 (b),
0.057 (c), 0.068 (d), 0.104 (e), 0.19 (f), 0.25 (g), 0.35 (h), 0.48 (i), and 0.67 (j) samples
for magnetic fields H applied within the basal plane. The insets show the derivatives with
respect to temperature of χabT for samples with an AFM transition. Red arrows and lines
indicate the values for TN determined from the data, whereas as black arrows and lines
indicate the values for TN determined by neutron diffraction. The χab(T ) data for x = 0 also
appear in Ref.[14].
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scattering plane, the relevant reflection conditions for Bragg peaks due to the chemical lattice
are (H H L), L even. The A-type AFM order in the x = 0 compound breaks the body-
centered symmetry, yielding additional Bragg peaks at (H H L), L odd, and is characterized
by an AFM propagation vector τ = (0 0 1) [13]. The direction of the ordered moment is
found by using the fact that neutron scattering is insensitive to a moment lying along the
scattering vector Q. Hence, since the ordered moment for the x = 0 compound lies along
the c axis, magnetic Bragg peaks at (0 0 L), L odd, reciprocal-lattice positions are absent.
Figures 6.4(a) and 6.4(b) show data for the x = 0 sample from θ and θ-2θ scans (i.e.
approximately transverse and longitudinal scans), respectively, through the (1 1 0) Bragg
peak at T = 4 K. Figures 6.4(c) and 6.4(d) show similar data for the (0 0 4) Bragg peak. The
smooth, sharp peaks in Figs. 6.4(a) and 6.4(c) have full widths at half maximum (FWHM),
determined from fits to Gaussian line shapes, of 0.62(1)◦ and 0.58(1)◦ respectively. In
Figs. 6.4(b) and 6.4(d), the FWHM of the peaks are 0.671(5)◦ and 0.716(5)◦ respectively,
and the sharp peaks illustrate the quality of the single-crystal samples, since, presumably,
the values of the lattice parameters should change with x. The FWHM values listed above
are typical for all of the samples used for the neutron diffraction measurements.
Figures 6.4(e) and 6.4(f) show data from θ and θ-2θ scans, respectively, through the (1 1 1)
magnetic Bragg peak, and Figs. 6.4(g) and 6.4(h) show similar data for the (1 1 3) magnetic
Bragg peak. Both of these peaks are due to the previously determined A-type AFM order [13].
We determine a value for the ordered moment by comparing the integrated intensities of the
(1 1 1), (1 1 3), and (2 2 1) magnetic Bragg peaks and their calculated structure factors
to the corresponding values for the (0 0 2), (1 1 0), (0 0 4), (1 1 2), (1 1 4), and (0 0 6)
structural Bragg peaks. We find that the ordered moment is 0.43(5) µB/Co at T = 4 K,
which is consistent with the value of ≈ 0.3 µB/Co from magnetization measurements [14]
and the upper limit of ≈ 0.6 µB/Co from previous neutron diffraction results [13]. (The data
for this calculation along with those for other x are shown in Fig. 6.12.)
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Next, we present results from experiments on an x = 0.068 sample, and give in detail the
procedures used to obtain the data and perform the analysis. The methodology presented
is the same one used for the rest of the samples measured by neutron diffraction.
Figures 6.5(a) and 6.5(b) show data for x = 0.068 from θ-2θ scans through the (1 1 0)
and (0 0 4) Bragg peaks at T = 4 K. The peaks have FWHM of 0.661(2)◦ and 0.708(8)◦
respectively. The widths are likely resolution limited, since the tightest collimator placed in
the neutron beam has a divergence of a 40′. Figures 6.5(c) and 6.5(d) show data from θ and
θ-2θ scans through the (1 1 1) position and Figs. 6.5(e) and 6.5(f) show data from similar
scans through the (1 1 3) position at T = 4 K. Analogous to the x = 0 compound, Bragg
peaks are present at the (1 1 1) and (1 1 3) reciprocal-lattice positions, which indicates that
the body-centered symmetry present at room temperature is broken at low temperature.
The FWHM of the peaks in Figs. 6.5(d) and 6.5(f) are 0.66(3)◦ and 0.81(2)◦ respectively,
which are comparable to the values found for the (1 1 0) and (0 0 4) Bragg peaks, and
indicate that the peaks are due to long-range order.
Data for x = 0.068 from θ-2θ scans through the (1 1 1) Bragg peak at different tempera-
tures are plotted in Fig. 6.6(c), and Fig. 6.6(d) shows the temperature evolution of the peak’s
integrated intensity, which is determined by fitting the peaks in Fig. 6.6(c) to Gaussian line
shapes. The values for the integrated intensity have been normalized by the sample mass.
Upon cooling, the (1 1 1) peak appears below T ≈ 25 K, which is similar to the temperature
at which χ(T ) deviates from its high-temperature behavior [see Fig. 6.3(d)]. Hence, we as-
sociate the appearance of the peak with the development of magnetic order. The integrated
intensity versus temperature curve has a high-temperature tail, which is likely due to short-
range magnetic correlations associated with the phase transition, but compositional disorder
within the samples may also contribute. Similar shaped curves are observed for other com-
pounds related to the Fe-pnictide superconductors, such as Ba(Fe1−xMnx)2As2 [133]. By
extrapolating the expected behavior of the magnetic order parameter from low temperature,
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we determine that TN = 21(2) K. Figures 6.6(a), 6.6(b), 6.6(e), and 6.6(f) show similar data
for x = 0.043 and 0.104, which will be discussed later.
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Figure 6.5: Neutron diffraction data for x = 0.068 from θ-2θ scans through the (1 1 0) (a)
and (0 0 4) (b) Bragg peaks at T = 4 K, and θ and θ-2θ scans through the (1 1 1) [(c), (d)],
and (1 1 3) [(e), (f)] Bragg peaks at T = 4 K. Solid lines are fits to Gaussian line shapes.
Whereas measurements of many Bragg peaks are necessary to uniquely determine a
magnetic structure, the presence of both the (1 1 1) and (1 1 3) Bragg peaks for x = 0.068
suggests that the magnetic structure is similar to the A-type AFM order in x = 0. To test
this, we made various diffraction measurements: (1) to determine if other magnetic Bragg
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peaks consistent with A-type AFM order exist, (2) to determine if the ordered moment lies
solely along the c axis, and (3) to search for scattering consistent with the development of the
stripe-type AFM order in CaFe2As2 [24, 25] and other compounds related to the Fe-pnictide
superconductors [76, 1, 2, 3]. Total-energy calculations for SrCo2As2 also indicate that a
FM ground state lies in close proximity to stripe-type AFM, A-type AFM, and nonmagnetic
ground states [105]. Therefore, we also looked for evidence indicating that FM order develops
with increasing x. Regarding point (1), a Bragg peak also occurs at the (2 2 1) position at
T = 4 K, which is another position consistent with the A-type order in x = 0. The peak is
absent at T = 50 K.
In regards to point (2), data for x = 0.068 from longitudinal scans through the (0 0 1)
and (0 0 3) positions are shown in Figs. 6.7(a) and 6.7(b), respectively. Whereas the tail
of the (0 0 2) peak is visible in Fig. 6.7(a) at both T = 50 and 4 K, there is no evidence
of a Bragg peak at (0 0 1). Similarly, no Bragg peak is seen in Fig. 6.7(b) at T = 4 K for
the (0 0 3) position. The existence of these peaks would be consistent with a component of
the ordered magnetic moment lying in the ab plane. Hence, since the peaks are absent, the
ordered moment lies along the c axis.
Addressing point (3), Figs. 6.7(c) and 6.7(d) show data for x = 0.068 from scans through
the (1
2
1
2
1) and (1
2
1
2
3) reciprocal-lattice positions, respectively, which correspond to τ st.
Magnetic Bragg peaks do not occur at either position, which indicates that stripe-type AFM
order similar to that in CaFe2As2 does not occur at T = 4 K. In addition, the absence of
any magnetic Bragg peaks in Fig. 6.7 rules out the existence of incommensurate long-range
magnetic order with a propagation vector consistent with the investigated values of Q.
Finally, for x = 0.068, we examine the temperature dependence of certain Bragg peaks
with indices (H H L), L even, in order to look for evidence of FM order. Figure 6.8 shows
data from θ-2θ scans through the (1 1 0) [Fig. 6.8(a)] and (0 0 4) [Fig. 6.8(b)] Bragg peaks at
various temperatures. Due to the reciprocal-lattice positions of the peaks, and the fact that
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neutron diffraction is sensitive to a magnetic moment’s component perpendicular to Q, the
measurements cover the possible development of an ordered FM moment with components in
either the ab plane or along the c axis. The temperature evolution of the integrated intensities
of the (1 1 0) and (0 0 4) Bragg peaks are shown in Figs. 6.8(c) and 6.8(d), respectively.
Both datasets vary smoothly with T , and slightly increase with decreasing temperature,
likely due to the temperature dependence of their Debye-Waller factors. Nevertheless, there
are no sharp changes to the shapes nor in the integrated intensities of both Bragg peaks as
T is lowered, and we find no significant indication for the development of FM order down to
T = 4 K.
Similar data to those presented in Figs. 6.4–6.8 were recorded for the x = 0.043 and 0.104
samples, and the salient data are shown in Figs. 6.9 and 6.10. Figures 6.9(a) and 6.9(b) show
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data from θ-2θ scans through the (1 1 1) reciprocal-lattice positions for x = 0.043 and 0.104,
respectively, and illustrate that peaks are found for both samples which are consistent with
A-type AFM order. The FWHM of the peaks are 0.671(7)◦ and 0.72(4)◦ for x = 0.043
and 0.104, respectively, which indicate that the peaks correspond to long-range magnetic
order. Figure 6.9(c) shows data from a longitudinal scan through the (0 0 1) position for
the x = 0.043 sample and Fig. 6.9(d) shows data through the (0 0 3) position for x = 0.104.
The absence of Bragg peaks in these data means that the ordered moment lies along the
c axis for both values of x. Finally, Figs. 6.9(e) and 6.9(f) show data from scans through
the (1
2
1
2
1) positions for x = 0.043 and 0.104, respectively. No peak is seen for either value
of x, which illustrates that the stripe-type AFM order present in CaFe2As2 does not occur
in these samples. Similarly, Fig. 6.10 shows that the (1 1 0) and (0 0 4) Bragg peaks do
not change between T = 100 K and base temperature, which indicates that there is also no
significant evidence for the development of FM order in these samples.
The temperature evolution of the (1 1 1) magnetic Bragg peaks and the magnetic order
parameters for the x = 0.043 and 0.104 samples are shown in Figs. 6.6(a), 6.6(b), 6.6(e),
and 6.6(f). Using the same procedure described above to determine TN for x = 0.068, we
find that TN = 31(2) K for x = 0.043 and TN = 10(3) K for x = 0.104. These values are
similar to those indicated by the arrows in Figs. 6.3(b) and 6.3(e), and we conclude that
TN decreases with increasing x. In addition, since the ordinates of Figs. 6.6(b), 6.6(d), and
6.6(f) give the integrated intensity of the (1 1 1) peak normalized by the sample mass, and
since the integrated intensity is proportional to the square of the ordered magnetic moment,
the decrease in the base temperature values of the normalized integrated intensity with
increasing x indicates that the ordered moment is suppressed as Fe is substituted for Co.
We will return to these points with a subsequent figure.
Figure 6.11 shows data for x = 0.19 and 0.25 from θ scans performed at T = 1.5 K through
reciprocal-lattice positions corresponding either to A-type or stripe-type order. Data for the
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Figure 6.9: Neutron diffraction data from scans across possible magnetic Bragg peak posi-
tions at T = 1.5 K for x = 0.043 and 0.104. (a), (b) Data from θ-2θ scans of the (1 1 1)
magnetic Bragg peak for x = 0.043 (a) and x = 0.104 (b). Lines are fits to Gaussian line
shapes. (c), (d) Data from longitudinal scan through the (0 0 1) reciprocal-lattice position
for x = 0.043 (c), and through the (0 0 3) position for x = 0.104 (d). (e), (f) Data from
scans through the (1
2
1
2
1) position for x = 0.043 (e) and 0.104 (f). Arrows indicate either
the expected positions for peaks arising due to a component of the ordered moment lying
in the ab plane [(c), (d)] or for peaks corresponding to the stripe-type AFM order possessed
by CaFe2As2 [(e), (f)]. Data in (c) and (e) are for a beam monitor value corresponding to a
counting time of 30 s per point, and data in (d) and (f) are for a monitor value corresponding
to 180 s per point. The small peaks in (f) are ruled out as being magnetic Bragg peaks by
results from complimentary measurements made above TN, or are ruled out as being due to
the single-crystal sample by results from θ scans across their positions.
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Figure 6.10: Neutron diffraction data from θ-2θ scans through the (1 1 0) [(a) and (c)] and
(0 0 4) [(b) and (d)] Bragg peaks for x = 0.043 and 0.104 at the temperatures indicated.
Data for x = 0.043 are shown in (a) and (b), and data for x = 0.104 are shown in (c) and
(d).
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(1 1 1) position are shown in Fig. 6.11(a) for x = 0.19, and in Fig. 6.11(b) for x = 0.25. No
magnetic Bragg peaks occur in these data. Similarly, Figs. 6.11(c) and 6.11(d) show that
the (1 1 3) peak is absent for both values of x. This indicates that the A-type AFM order
found for lower values of x is absent, at least within the sensitivity of our measurement.
Next, Figs. 6.11(e) and 6.11(f) show data for the (1
2
1
2
1) position for x = 0.19 and 0.25,
respectively, and Figs. 6.11(g) and 6.11(h) show data for the (1
2
1
2
3) position for x = 0.19
and 0.25, respectively. No Bragg peak is found in any of these figures, which indicates that
the stripe-type AFM order present for x = 1 is absent for x = 0.19 and 0.25. We can roughly
estimate the minimum ordered moment detectable by our measurements by using the data
for x = 0, from which we find that an ordered moment of µ = 0.43(5) µB/Co corresponds to
a height of the (1 1 1) magnetic Bragg peak of ≈ 40 counts/s. Thus, a peak with a height
of 0.2 counts/s, which is an estimate for the ability to distinguish a peak in the data in
Fig. 6.11, would correspond to an ordered moment of ≈ 0.03 µB/Co.
The integrated intensities of the measured structural and magnetic Bragg peaks normal-
ized by the appropriate sample mass and Lorentz factor are plotted versus the squares of
their respective structure factors for x = 0, 0.043, 0.068, and 0.104 in Fig. 6.12. For the
magnetic structure factor calculation, it has been assumed that A-type AFM order occurs
with moments of µ = 1 µB lying along the c axis. The solid and dashed lines show linear
fits to the structural and magnetic data, respectively. For a given sample, the ratio of the
slope of the line for the magnetic data to the slope of the line for the structural data equals
the square of the ordered moment. Thus, the decrease in slope with increasing x for the
magnetic data illustrates the decrease in µ with increasing x. Note that there are several
points at 0 for the magnetic data which correspond to the magnetic structure factors for the
(0 0 1) and (0 0 3) positions. Despite the few number of magnetic Bragg peaks measured
for each sample, the fits show that the data are consistent with A-type AFM order with the
ordered moments lying along c. The rise in slope of the fits to the structural data between
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Figure 6.11: Neutron diffraction data from θ scans through the (1 1 1) [(a), (b)] , (1 1 3)
[(c), (d)], (1
2
1
2
1) [(e), (f)], and (1
2
1
2
3) [(g), (h)] reciprocal-lattice positions for x = 0.19 [(a),
(c), (e), (g)] and x = 0.25 [(b), (d), (f), (h)] at T = 1.5 K. All of the data shown are for a
beam monitor value corresponding to a counting time of 120 s per point.
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Figure 6.12: Integrated intensities of the measured structural (left axis, open symbols) and
magnetic (right axis, closed symbols) Bragg peaks for the x = 0, 0.043, 0.068, and 0.104
samples plotted versus the square of their calculated structure factors. The bottom axis
corresponds to the square of the chemical structure factor, whereas the top axis corresponds
to the square of the magnetic structure factor calculated for A-type AFM order with an
ordered moment of µ = 1 µB laying along c. The integrated intensities have been normalized
to the sample mass and corrected by the Lorentz factor. Solid (dashed) lines show linear fits
to the structural (magnetic) data.
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x = 0 and 0.043 simply reflects the fact that the neutron scattering length for Fe is larger
than the scattering length for Co.
Figure 6.13 summarizes the results from the neutron diffraction and magnetic suscepti-
bility experiments. The left ordinate gives TN, and the right ordinate gives the value for
µ. µ has been determined for x > 0 through the same procedure used for x = 0, with the
exceptions that for x = 0.043 the (0 0 2) and (1 1 0) peaks were the only structural Bragg
peaks used, for x = 0.068 the (1 1 1) and (1 1 3) peaks were the only magnetic Bragg
peaks used, and for x = 0.104 the (1 1 1) peak was the only magnetic Bragg peak used.
Both µ and TN decrease with increasing x in similar fashions. A linear fit to the non-zero
values for TN(x) determined from both the neutron diffraction and susceptibility data gives
a slope of dTN
dx
= −418(27) K and an x intercept of x = 0.116(8). A similar fit to µ(x) yields
dµ
dx
= −3.24(5)µB/Co and an x intercept of x = 0.132(2). The fits are shown in Fig. 6.13 as
blue and red lines, respectively. From the mean of the horizontal intercepts, we find that
the A-type order is completely suppressed at x = 0.12(1).
Figure 6.13: Magnetic phase diagram and ordered magnetic moment µ for low values of x.
Lines are fits to the data as described in the text.
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6.3.4 X-ray diffraction
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Figure 6.14: Temperature evolution of the a (a) and c (b) lattice parameters, the ratio c/a
(c), and Vcell (d) for x = 0, 0.18, and 0.35. Data shown are from either neutron or high-energy
x-ray diffraction experiments. The uncertainty in the data is either within the symbol size
or indicated by a representative error bar. Data for x = 0 are reproduced from Ref.[13].
Figure 6.14 shows the temperature dependence of the lattice parameters for samples with
x = 0, 0.19, and 0.35. In Fig. 6.14(a), a increases between T = 10 and 290 K by only 0.1%
for x = 0, remains virtually unchanged for x = 0.19, and decreases by 0.4% for x = 0.35. On
the other hand, Fig. 6.14(b) shows that c increases with increasing T for all three samples:
0.7% for x = 0, 1.6% for x = 0.19, and 2.2% for x = 0.35. The concomitant changes of c/a
and Vcell with increasing temperature are shown in Figs. 6.14(c) and 6.14(d), respectively.
Both quantities increase with increasing T due to the much larger change in c than a.
Figure 6.15 shows a, c, c/a, and Vcell at T = 300 K and base temperature (4 ≤ T ≤ 10 K)
for 0 ≤ x ≤ 0.48, and at T = 300 K for 0.67 ≤ x ≤ 1. For each temperature, a monotonically
decreases with increasing x whereas c, c/a, and Vcell smoothly increase. The limited data
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Figure 6.15: Evolution of the a (a) and c (b) lattice parameters, the ratio c/a (c), and Vcell (d)
with Fe doping concentration x. Filled symbols denote data at T = 300 K and open symbols
denote data at base temperature (4 ≤ T ≤ 10 K). Data are shown from neutron diffraction,
high-energy x-ray diffraction, and laboratory-based x-ray diffraction experiments.
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taken at base temperature may show a sharp change in c/a between x = 0.35 and 0.48, but
a firm conclusion cannot be drawn from the data. Nevertheless, there is no obvious feature
at base-temperature which would corresponds to the disappearance of A-type AFM order at
x = 0.12(1), and a smooth crossover between the cT and T phases occurs with increasing
x. This is somewhat surprising considering that a pressure-induced first-order transition
between the T and cT phases occurs in CaFe2As2 [25, 33]. On the other hand, substituting
Fe for Co changes not only the chemical structure of the compound, but also the electronic
band structure. We further discuss this point below.
6.4 Discussion
The substitution of Fe for Co in CaCo1.86As2 dopes holes in to the compound, whereas
the substitution of Co for Fe in CaFe2As2 dopes electrons. In a rigid-band approximation,
such doping shifts the Fermi energy EF and changes the partial density of states (DOS) at
the Fermi level of the 3d bands of the transition metals, potentially affecting the magnetism.
For BaFe2As2 this scheme has been ruled out, because data on Ba(Fe1−xMx)2As2, in which
M = Co, Ni, Cu, or Co/Cu mixtures were systematically substituted for Fe, show that
the positions of both the orthorhombic and AFM phase lines scale with x, not the number
of electrons added via doping [1, 7]. On the other hand, for x up to at least x = 0.114,
c/a changes with the number of extra electrons added per transition metal site in a similar
manner for each type of transition metal used. For Ba(Fe1−xCox)2As2, ARPES data also rule
out a strict rigid-band approximation scenario, since the Fermi-surface hole pockets present
for values of x corresponding to AFM order vanish at a Lifshitz transition tied to the value
of x for which superconductivity first occurs [74].
The changes between the T and cT phases for compounds such as CaFe2As2, with general
formula AT2X2P2 and the ThCr2Si2 structure, may be described in terms of the valence and
spacing of the T2X2 and A layers [38]. In such a description, compounds in the T phase
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have layers with valence assignments of A+2 and (T2X2)
−2, and the distance separating two
T2X2 layers in a unit cell is great enough that essentially no bonding occurs between them.
In the cT phase, the interlayer spacing decreases to an amount comparable to the distance
necessary for a covalent bond to form between two X anions. This results in interlayer bonds
developing along c between X anions in adjacent layers. The formation of the interlayer X-X
bonds has a dramatic effect on the DOS and position of the Fermi level. In terms of the
formal charge associated with the X anions, the X-X bond results in a [X-X]−4 polyanion,
as opposed to the separate X−3 anions existing in the T phase [38]. For the compounds
ACo2P2 (A = Ca, Sr, La, Ce, Pr, Nd, Sm, or Eu), which have the ThCr2Si2 structure, the
distance between interlayer P cations correlates with the effective valence of the Co cations,
and the valence of the Co cations affects both the structure of any magnetic order present
at low temperatures and the value of the magnetic moment [23].
The formation of bonds between T2X2 layers can explain the quenching of the Fe moment
in the cT phase of CaFe2As2 [33, 134], the consequences of modifications to the Fermi-surface
of BaFe2As2 due to structural distortions [135], as well as the magnetic phase diagrams
for Sr1−xCaxCo2P2 [21] and Ca1−xSrxCo2As2 [20]. For the case of CaFe2As2, the pressure-
induced T-cT transition decreases the distance between Fe2As2 layers to a value consistent
with the formation of an As-As bond, and band structure calculations for the cT phase show
that a dramatically lower DOS at the Fermi level occurs along with a shift in the Fe 3dx2−y2
and 3dxz+yz bands to lower energies. The calculated generalized magnetic susceptibility
indicates that the Fe 3d DOS at the Fermi level in the cT phase is insufficient to induce
magnetic order [24].
We next compare our results to those for Ca1−xSrxCo2As2, in which substitution of Sr for
Ca is performed. Though such doping is isoelectronic, Sr has a larger radius than Ca, which
may induce steric effects. For this series of compounds, several magnetic states occur: the
expected A-type order for x = 0, FM order with the ordered moments along the c axis for
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x = 0.2, another AFM order phase with A-type order and the moments lying in the ab plane
for x = 0.34, and no magnetic order for x ≥ 0.34 [20]. A deviation in c(x) at x ≈ 0.4, from its
smooth increase with increasing x, correlates with the disappearance of magnetic order and
is assigned as the value at which the cT-T transition occurs [20]. A study of the compounds
Ca1−xSrxCo2P2 gives a similar phase diagram, consisting of multiple magnetic states, and a
T-cT phase transition at x = 0.5. In this case, the T-cT transition changes both the Co-Co
and Co-P-Co bond lengths and also correlates with a transition from a nearly-ferromagnetic
Fermi liquid to AFM order [21]. For both compounds, transitions between the magnetically
ordered ground states are also tied to changes in the lattice parameters [20, 21].
Figure 6.16 shows the phase diagram for Ca(Co1−xFex)yAs2 determined from this work
and from data given in Refs.[34] and [35]. In contrast to the results for Ca1−xSrxCo2As2 and
Ca1−xSrxCo2P2, which show that substitution of Sr for Ca causes multiple magnetic ground
states and a clear cT-T transition accompanied by the suppression of magnetic order, our
results show a monotonic suppression of A-type AFM order and a smooth crossover from the
cT to the T phases. This suggests that hole doping CaCo1.86As2 has a less dramatic effect
than any steric effects due to doping Sr for Ca, and that it suppresses the A-type magnetic
order in the absence of sharp changes to the lattice parameters or an abrupt cT-T phase
transition.
In addition to the effects of hole doping, the consequences of decreasing the vacancy of
the Co site with increasing x need to be considered. This is especially important in light of
the facts that samples synthesized using CoAs self flux have been reported as being either
almost stoichiometric [20] or possessing 5% vacancy of the Co site [136]. Results from previous
electronic structure calculations for CaCo1.88As2 and CaCo2As2 show that the stoichiometric
compound has a 21.2% higher total energy for the A-type AFM ground state, with a 7.4%
decrease of the Co DOS and an 8% decrease in the total DOS at EF [14]. They also indicate
that the total energies of the A-type AFM and FM states are similar for both compositions,
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which points to competition between the two states, regardless of the presence of a 6%
vacancy. Based on these results and the posited A-type AFM order for CaCo2As2, albeit
occurring with a higher TN [109, 20, 136], it is difficult to conclude what if any effect finite
vacancy of the Co site has on the AFM structure of the ground state. Nevertheless, the
precise effects on the crossover from the cT to T structure warrants further studies, which,
ideally, should be preformed by varying the amount of vacancy of the Co site without chemical
substitution or charge doping. Lastly, we also point out that the larger uncertainty in
the measured values of y for the x = 0.6 and 0.8 samples indicates that the amount of
disorder within these compounds is larger than that for other values of x. Such disorder may
obscure the observation of a sharp phase transition, potentially leading to the experimentally
observed crossover from the cT to T phase.
Finally, we compare the suppression of the A-type AFM order in Ca(Co1−xFex)yAs2
with the sensitivity of Ca(Fe1−xCox)2As2 to low levels of strain. For FeAs-flux grown
Ca(Fe1−xCox)2As2, single crystals annealed and then quenched at temperatures between
350 ≤ T < 960 ◦ C exhibit the low-temperature AFM and orthorhombic, and supercon-
ducting phases seen for samples grown using Sn flux, whereas as-grown crystals quenched
from 960 ◦ C enter the nonmagnetic cT phase upon cooling at ambient pressure [125, 137].
Additionally, the first-order structural phase transition between the high-temperature T and
low-temperature cT phases becomes less severe, or rather more continuous, with increasing
Co concentration, and it is suggested that a critical end point exists, past which a con-
tinuous thermal contraction occurs rather than a dramatic first-order transition [125]. The
occurrence of a continuous T-cT phase transition with increasing Co concentration appears
qualitatively similar to the smooth evolution with increasing x from the cT to T phase for
Ca(Co1−xFex)yAs2.
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6.5 Summary
We have shown that A-type AFM order exists in Ca(Co1−xFex)yAs2 for 0 ≤ x < 0.12(1)
with the moments lying along the c axis. We determine an ordered moment of µ =
0.43(5) µB/Co at T = 4 K for x = 0, which agrees with previous estimates [14, 13], and
find that both TN and µ decrease with increasing x with rates of
dTN
dx
= −418(27) K and
dµ
dx
= −3.24(5)µB/Co, respectively. In addition, our neutron diffraction experiments find no
evidence for the development of stripe-type AFM order for x up to at least 0.25 nor the
development of FM order up to at least x = 0.104. X-ray diffraction data show a smooth
evolution with increasing x from the cT phase of CaCo1.86As2 to the T phase of CaFe2As2.
Our results suggest that hole doping suppresses the A-type magnetic order without the oc-
currence of an abrupt cT-T phase transition, nor any other sharp changes to the lattice
parameters, but do not fully address whether a finite amount of vacancy of the Co site or
disorder smear out an inherently sharp cT-T transition. To answer this question, systematic
studies on the effects of partial vacancy of the magnetic site and chemical and structural
disorder are necessary, and, in general, should lend more insight into the coupling between
lattice, electronic, and magnetic degrees of freedom in CaCo1.86As2 and related compounds.
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Figure 6.16: Phase diagram for Ca(Co1−xFex)yAs2. Points and lines for x ≥ 0.91 are from
Fig. 4(a) in Ref.[35], which includes data from Ref.[34]. The A-type (A) and stripe-type (st)
antiferromagnetic structures are illustrated with the collapsed-tetragonal (cT) and tetragonal
(T) chemical unit cells, respectively, although the chemical unit cell is orthorhombic (O) for
temperatures at which the stripe-type order occurs. SC labels the superconducting region.
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CHAPTER 7. SUMMARY AND OUTLOOK
7.1 Summary
The 122-type AFe2As2 (A = Ca, Sr, Ba) family of high temperature superconductors
display strong correlations between the lattice, electronic, and magnetic degrees of freedom
as discussed in Chapters 1 and 2. Tunning parameters such as mechanical doping (pressure)
and chemical doping result in rich phase diagrams characterized by interesting structural
and magnetic ground states along with the emergence of superconductivity. The ACo2As2
(A = Ca, Sr, Ba) compounds are closely related to the iron pnictides, and exhibit interest-
ing structural and magnetic behaviors. The extended research studies on these compounds
can be supportive in the road of understanding the correlations in 122 compounds and
their impact on superconductivity. SrCo2As2, where the full replacement of Fe by Co and
Ca(Co1−xFex)yAs2, where partially Fe doped by Co, compounds were studied in this the-
sis. Mechanical doping (pressure) and chemical doping were used as the individual tuning
mechanism for the above compounds.
SrCo2As2 exhibits an instability towards a collapsed-tetragonal structure that is driven
by applied pressure, similar to CaFe2As2. These, high-energy x-ray diffraction studies were
performed under applied pressures up to p = 29 GPa, on a powder sample of SrCo2As2.
Pressure-induced collapsed tetragonal structure is discovered with an onset of p ∼ 6 GPa
at T = 7 K. This T to cT structural transition is first-order and T-cT transition p - T
phase line is quite steep. Therefore, the onset pressure of the cT phase and the range of
coexistence between the T and cT phases appears to be nearly temperature independent.
The compressibility along the a-axis is the same for the T and cT phases whereas, along the
c-axis, the cT phase is significantly stiffer. This may be due to the formation of an As-As
138
bond in the cT phase. Total-energy calculations, which were carried out by Dr. Bruce N.
Harmon’s research group, demonstrate that the cT phase is the stable phase at high pressure
with the measured c
a
ratio of 2.54. Furthermore, these calculations indicate that the cT
phase of SrCo2As2 should manifest either A-type antiferromagnetic or ferromagnetic order
and those two types are only slightly preferred over stripe-type AFM order. Additionally,
CaFe2As2 showed a suppression of the magnetism and the superconductivity in the collapsed
phase, but, the cT phase of CaCo1.86As2 is ordered magnetically with A- type AFM.
Therefore, the necessity of measurements of magnetic neutron diffraction in the collapsed
phase phase of SrCo2As2 is very much identified. Two sets of high-pressure single crystal
neutron diffraction measurements were performed up to p = 1.1 GPa and p = 4.3 GPa
respectively. However, the system is in the tetragonal phase for those limited pressure ranges.
No evidence of stripe-type or A-type antiferromagnetic ordering is found in the tetragonal
phase up to p = 1.1 GPa and down to 10 K. No stripe-type antiferromagnetic ordering is
found in the tetragonal phase up to p = 4.3 GPa at room temperature. The confined limit
of the maximum pressure which is obtained in the experiment, was not favorable to look
for magnetism in the collapsed phase. Further magnetic neutron diffraction measurements
are needed using a pressure cell capable of higher pressures, above p ∼ 8 - 10 GPa at the
lowest possible temperature (T ∼ 10 K). Larger sample volume is preferable as low intensity
is predicted from the expected low moment. High pressure capability is gradually improving
at neutron facilities. These may help to discover magnetism of SrCo2As2 under high pressure.
Additionally, the x-ray magnetic circular dichroism (XMCD) technique is an element and
orbital specific probe of magnetization of a sample. Preliminary work on high-pressure
XMCD experiment to search for ferromagnetism, was not successful and more studies are
needed.
The next compound which was studied in my thesis is, Ca(Co1−xFex)yAs2. Several studies
were conducted previously to map the evolution of the magnetic, structural, and supercon-
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ducting behaviors on A(Fe1−xCox)2As2 series. These were mainly in the Fe-rich region and
on the opposite end member, CaCo1.86As2, where x → 1. In this work, studies of intermedi-
ate concentrations (especially in Co rich region) were conducted to understand the evolution
of the structure and magnetism. Neutron diffraction and high-energy x-ray diffraction ex-
periments were performed on single-crystal samples of A(Fe1−xCox)2As2. The collapsed
phase of CaCo1.86As2 smoothly crosses over to the tetragonal phase with increasing x in
A(Co1−xFex)yAs2. The A-type AFM ordering exists in the range of 0 ≤ x < 0.12 with the
magnetic moment along c axis as observed in CaCo1.86As2. When x varies from 0 to 0.12
both the magnetic moment and the TN monotonically decrease. Stripe type AFM was not
observed at least in the range of x 6 0.25 and ferromagnetism was not observed in the range
of x 6 0.104. Therefore, no new magnetic phase appeared with the suppression of A type
AFM ordering. The results suggest that hole doping on CaCo1.86As2 show a less dramatic
effect on the magnetism than by electron doping.
7.2 Outlook
In previous work, the cT phase is induced for CaFe2As2 with applying moderate pres-
sure [24, 25] and no magnetic ordering, magnetic fluctuations or superconductivity are ob-
served in this cT phase [26, 27, 28, 29] (Number 1 in Fig. 7.1). The evolution from stripe-type
AFM ordered CaFe2As2 to magnetically ordered and structurally collapsed CaCo1.86As2 is
learned via Fe doping [124] (Number 2 in Fig. 7.1). The opposite magnetic behaviors of Fe1+
and Co1+ in the collapsed tetragonal phase is observed. To get more insight on this fact,
SrCo2As2 is pressurized, but could not reach high enough pressures to search for magnetism.
(Number 3 in Fig. 7.1). This is due to pressure-dependent neutron diffraction techniques
and the experimental conditions for measurements are complicated, and still improving. To
obtain a full understanding about the collapsed phase of SrCo2As2, it is important to con-
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tinue to search for evidence of magnetism under pressure. Results may confirm the opposite
magnetic behaviors on Fe and Co collapsed tetragonal structure.
Ability to induce the cT phase with doping will allow us to study this collapsed phase
without the influence of pressure cells. As shown in Fig. 7.1, it is predicted that collapsed
phase may occur for CaM 2As2 when Fe is substituted by Co (observed in this work on
Ca(Co1−xFex)yAs2), for SrM 2As2 when Co is substituted by Ni, and for BaM 2As2 when
Ni is substituted by Cu [85, 32]. Such work may lead to finding more insight about the
collapsed tetragonal phase. Additionally, it allows for studying of samples in a wider range
of doping levels with different transitional metals other than Fe or Co, which can lead to new
interesting physics in the 122 field. Therefore, as the 4th method, inducing the collapsed
tetragonal phase by Ni substitution at the Co site in SrCo2As2, which is denoting by Number
4 in Fig. 7.1 can be tested.
The Ni doping studies on SrCo2As2 would be more interesting as two parent compounds,
SrCo2As2 and SrNi2As2 exhibit different characteristics. SrCo2As2 does not show any struc-
tural or magnetic transition nor it is not superconducting down to T ∼ 1.8 K [15]. However,
SrCo2As2 displays an enhanced magnetic susceptibility that has been described as Stoner-
enhanced paramagnetism [15]. And inelastic neutron scattering measurements on SrCo2As2
reveal the occurrence of stripe-type fluctuations at T ∼ 5 K [18]. On the other hand, the
other end member, SrNi2As2 exhibits superconductivity with T c ∼ 0.62 K and there is no
evidence for a structural or magnetic transition [11]. While searching the literature it is found
out that some preliminary work has been done for polycrystalline of Sr(Co1−xNix)2As2 [138].
However, only two doped compounds, where x = 0.2 and 0.5, has been studied other than
the two end member parent compounds. Even though it is mentioned that the uncollapsed
to collapsed structural transition occurred at x ∼ 0.6 [138], it is not clear that a transition or
a crossover behavior occurs due to the lack of enough doping levels, x in between the studied
x = 0.2, 0.5 and 1.0 concentrations. The most interesting fact is that the Sr(Co1−xNix)2As2,
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Figure 7.1: (a) The c lattice parameter for the 122-type AM 2As2 for A = Ca, Sr, Ba, and
M = Cr, Mn, Fe, Co, Ni, Cu. (b) The BaCu2As2 crystal structure. As-As bonding is
highlighted in filled red area. (c) The BaFe2As2 crystal structure. No As-As bonding is
present. (Figures 2.7 (a)-(c) are adapted from Refs. [85, 32]) (d) dAs−As versus A atom in
ACo2As2 and AFe2As2 (A = Ca, Sr, Ba). The lines are guides to the eye. The horizontal
dashed line indicates the As−As single-covalent-bond distance of 2.38 A˚. [86]. (Figure 2.7
(d) is adapted from Ref. [15]). The two circles with number 1 and 3 represent applying
pressure as the tuning parameter on CaFe2As2 and SrCo2As2 respectively. The two arrows
with number 2 and 4 represent doping as the tuning parameter (Fe is substituted by Co in
the case 2 and Co is substituted by Ni in the case 4).
.
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for x = 0.2 shows antiferomagnetism [138]. Specifically, the Ref. [138] claims that for x =
0.2, it shows A-type AFM ordering as similarly seen in CaCo1.86As2 and for x = 0.5 the
compound is paramagnetic.
The preliminary studies confirmed the idea that the Ni doping on SrCo2As2 creates a
rich playground to tune the collapsed tetragonal phase. However, further careful studies are
required with more doping concentrations, x, to understand the system in terms of struc-
ture and magnetic properties. Therefore, it is important to distinguish whether there is an
evolution of uncollapsed to collapsed structural transition or a cross over behavior. Addition-
ally, magnetic behavior should be clearly resolved with more concentrations and techniques
(e.g. neutron diffraction). Then it could be determined whether there is a direct correla-
tion between the formation of As-As bonding and the emergence of magnetic phase for this
Sr(Co1−xNix)2As2 system. Even though the end members do not show magnetic ordering,
one or several different magnetic ground states may occur in partial doping of Ni as seen in
Ca1−xSrxCo2−yAs2 [19, 20], Ca1−xSrxCo2−yP2 [21], Ca(Co1−xFex)2P2, Ca(Co1−xNix)2P2 [30]
systems. Even breaking of As-As bonding may lead to suppression of a magnetic ground
state with an appearance of a quantum critical point as seen in SrCo2(Ge1−xPx)2 [31]. An-
other prospective project would be study the BaNi2As2 system. Therefore, inducing the cT
phase by applying pressure and then look for magnetism, and Cu substitution on BaNi2As2
and then search for exotic magnetic ground states along with the emergence of cT phase will
be other two possible future projects too (Fig. 7.1).
To understand novel phenomena that arises due to competing interactions, it may be use-
ful to study the spin dynamics of Ca(Co1−xFex)yAs2 at x∼ 0.12. Our studies of Ca(Co1−xFex)yAs2
reveal the smooth suppression of A-type order with the Fe doping level, x. Similarly, the
T N and the ordered moment also decreased and T N ∼ 0 for x ∼ 0.12 [124]. And the in-
elastic neutron studies of CaCo1.86As2 show that there is a maximum magnetic frustration
which arise from nearest and next-nearest neighbor magnetic ion interactions, so that the
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stripe-type and FM ground states compete in CaCo1.86As2 [16]. Therefore, to obtain a better
understanding exploring the spin fluctuations in compounds with values of x corresponding
to the point at which the A-type AFM order suppressed is the optimum choice. This may
reveal whether there is exotic spin dynamics, possibly associated with fluctuations due to a
quantum critical point and this might be another future project to study.
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CHAPTER 8. SUMMARY OF OTHER COLLABORATIONS
AND PUBLICATIONS
During my PhD, I was mainly involved in x-ray and neutron diffraction and also I carried
out high pressure diffraction experiments. Here, I have summarized some other projects that
I involved, apart from the project which I have discussed in this thesis. These articles can
be found in Ref. [15, 18, 139, 140, 141, 142, 143].
8.1 Crystallographic, electronic, thermal, and magnetic
properties of single-crystal SrCo2As2
SrCo2As2 is one of the Co based 122 compounds. In this project the electrical resistiv-
ity, angle-resolved photoemission spectroscopy, heat capacity, magnetic susceptibility, nu-
clear magnetic resonance and neutron diffraction studies reveal the basic characteristics of
SrCo2As2 crystals. I involved in measuring thermal expansion of a and c lattice parame-
ters using single crystal x-ray diffraction. We found out that the c axis thermal expansion
coefficient is negative from 7 to 300 K, whereas the a axis thermal expansion coefficient is
positive over this temperature range. No structural transition is observed in the particular
temperature range.
Abhishek Pandey, D. G. Quirinale, W. Jayasekara, A. Sapkota, M. G. Kim, R. S. Dhaka,
Y. Lee, T. W. Heitmann, P. W. Stephens, V. Ogloblichev, A. Kreyssig, R. J. McQueeney,
A. I. Goldman, Adam Kaminski, B. N. Harmon, Y. Furukawa, and D. C. Johnston. Phys.
Rev. B 88, 014526, July 2013.
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8.2 Stripe antiferromagnetic spin fluctuations in SrCo2As2
Inelastic neutron scattering(INS) measurements of paramagnetic SrCo2As2 reveal the
great discovery of occurrence of stripe type antiferromagnetic fluctuations at T ∼ 5 K.
These fluctuations are similar to those found in high temperature superconducting AFe2As2
(A = Ca, Sr, Ba) compounds. The observed spin fluctuations indicate that strong FM near-
est neighbor interactions are present in the cobalt arsenides. The INS measurements were
performed on several SrCo2As2 crystals which were mounted and coaligned on aluminum
plates holder. So, for these experiments, I coaligned SrCo2As2 single crystals to obtain the
total mass approximately to 2.6 g within less than 3 degrees full width at half maximum.
W. Jayasekara, Y. Lee, Abhishek Pandey, G. S. Tucker, A. Sapkota, J. Lamsal, S. Calder,
D. L. Abernathy, J. L. Niedziela, B. N. Harmon, A. Kreyssig, D. Vaknin, D. C. Johnston,
A. I. Goldman, and R. J. McQueeney. Phys. Rev. Lett. 111, 157001, October 2013.
8.3 Unexpected magnetism, Griffiths phase, and exchange bias
in the mixed lanthanide Pr0.6Er0.4Al2
In this work we report an unusual coexistence of ferromagnetism and ferrimagnetism,
and metamagnetism in Pr0.6Er0.4Al2. In addition, this compound retains a clear Griffiths
phase behavior at 1 kOe magnetic field and shows a large exchange bias after field cooling
from the paramagnetic state. I contributed by performing the neutron powder diffraction
measurements and by refining the powder data to confirm the magnetic state
Arjun K. Pathak, D. Paudyal, W. T. Jayasekara, S. Calder, A. Kreyssig, A. I. Goldman,
K. A. Gschneidner, Jr., and V. K. Pecharsky. Phys. Rev. B 89, 224411, June 2014.
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8.4 Complex magnetic ordering in CeGe1.76 studied by neutron
diffraction
Our neutron diffraction measurements on CeGe1.76 single crystals reveal a complex series
of magnetic transitions at low temperature. At T N ∼ 7 K, we found that there is a transition
from a higher temperature paramagnetic state to an incommensurate magnetic structure.
Below T ∼ 5 K, the magnetic structure locks in to a commensurate structure and below T
∼ 4 K a second commensurately ordered antiferromagnetic state started to appear. All of
the characteristic temperatures noted here are consistent with features observed in the bulk
magnetization data. So, the neutron experiment is supported to confirm magnetic transi-
tions however further investigations are required for a full magnetic structure determination.
In this work, I contributed on performing the experiment and analyzing the experimental
data.
W. T. Jayasekara, W. Tian, H. Hodovanets, P. C. Canfield, S. L. Bud’ko, A. Kreyssig,
and A. I. Goldman. Phys. Rev. B 90, 134423, October 2014.
8.5 Strong cooperative coupling of pressure-induced magnetic
order and nematicity in FeSe and Distinct pressure evolution
of coupled orthorhombicity and magnetic order in FeSe
The structural and magnetic phase diagram and order parameters of FeSe were studied
by high-energy x-ray diffraction and time-domain Mo¨ssbauer spectroscopy under applied
pressure. We show that the nematic (structural) and magnetic transitions in FeSe under
applied pressure are strongly coupled. The orthorhombic distortion initially decreases under
increasing pressure, but is stabilized by coupling to the pressure induced magnetic order.
The orthorhombic distortion suddenly disappeared and a new tetragonal magnetic phase
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started to appear near the maximum T c, (at p = 6.8 GPa). In this project, I succeeded in
loading FeSe single crystals into pressure cells to carry out several pressure experiments and
also, I involved with the preliminary diffraction data analysis while running experiments. It
was great to work in this project and it was great to see how pressure cells survive with
several pressure-temperature experimental runs.
K. Kothapalli, A. E. Bo¨hmer, W. T. Jayasekara, B. G. Ueland, P. Das, A. Sapkota,
V. Taufour, Y. Xiao, E. Alp, S. L. Budko, P. C. Canfield, A. Kreyssig, A. I. Goldman.
Nature Comm. 7, 12728, September 2016.
and
Anna E. Bo¨hmer, Karunakar Kothapalli, Wageesha T. Jayasekara, John M. Wilde, Bing
Li, Aashish Sapkota, Benjamin G Ueland, Pinaki Das, Yumin Xiao, Wenli Bi, Jiyong Zhao,
E. Ercan Alp, Sergey L. Budko, Paul C. Canfield, Alan I. Goldman, and Andreas Kreyssig.
arXiv:1803.09449 Submitting to Phys. Rev. X 2018.
8.6 Collapsed tetragonal phase transition in LaRu2P2
The pressure induced structural transition of LaRu2P2 is studied up to 14 GPa, using
high-energy x-ray diffraction technique. At ambient conditions, LaRu2P2 is in tetragonal
phase with a bulk modulus of B = 105(2) GPa and shows superconductivity at T c = 4.1
K. LaRu2P2 undergoes a phase transition to a collapsed tetragonal phase with a bulk mod-
ulus of B = 175(5) GPa under applying pressure. This tetragonal to collapsed-tetragonal
phase transition in LaRu2P2 is consistent with a second-order transition, and was found to
be temperature dependent. In this project, I loaded the diamond anvil cell with LaRu2P2
single crystals to carry out several pressure runs and also, I involved with the preliminary
diffraction data analysis while running experiments.
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Gil Drachuck, Aashish Sapkota, Wageesha T. Jayasekara, Karunakar Kothapalli, Sergey
L. Bud’ko, Alan I. Goldman, Andreas Kreyssig, Paul C. Canfield. Phys. Rev. B 96, 184509,
November 2017.
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